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PREFACE 


ExpenencB as a university teacher has firmly convinced me 
that the average student finds far more difficulty m ac- 
quiring a satisfactory knowledge of magnetism than of any 
other branch of physics In my view this is almost entirely 
because the subject is usually treated far too much from a 
strict theoretical standpoint and far too little from an experi- 
mental one It IS no exaggeration to state that some of the 
most important experiments whose results have been used 
very many times in theoretical discussions have not been 
adequately described in English An attempt has been made 
to remedy this state of affairs by writing this book, m which 
prommenoe is given to the description of fundamental 
experiments At the same time, a strong endeavour has been 
made to present an account of modern magnetic theory which, 
it is hoped, will be readily understood by students of physics 
and also followed without undue difficulty by more general 
readers The opportunity has been taken of includmg a large 
body of experimental work, much of foreign origin, which is 
of importance to all interested in industrial applications of 
magnetic materials It is obvious that, m order to keep the 
hook to a reasonable size, I have been compelled to make 
an arbitrary selection of material to some extent, but care 
has been taken to include accounts of all essential matter 
which a student cannot readily liiid elsewhere It has been 
thought best, however, to exclude galvanomagnetic and most 
magneto-optic phenomena 

I wish to acknowledge my indebtedness to Stoner’s 
Magnetism and Matter and his many research publications, 
to Van Vleck’s Electric and Magnetic Susceptibilities and 
to Klemm’s Magnetochemie I have also made considerable 
use of the theses published by the University of Strasbourg 
and the technical publications of the Bell Telephone System 
I desire to express my very warm thanks to all who have 
so kindly allow ed me to use illustrations from their pubhshed 
papers, and it is hoped that proper acknowledgement is made 
m the text My thanks are especially due to Dr W Suoksmith 

V 
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With whom I had the pleasure of much happy discussion 
m the early stages of the work, to Mr B Lloyd-Evans and 
Mr S S W atts who made many drawings for me, to Mr N Davy 
and Mr J C Weston who assisted me m checking the manu- 
script and proofs, and, finally, to Mr J A Batclifle for his 
kind interest and advice on behalf of the Cambridge Umveraity 
Press In addition, 1 have to record my debt to the late 
Dr A P Chattock, who first introduced me to the study 
of magnetism, and to whose memory this book is dedicated 

Nottingham L F BATES 

January, 1939 


PREFACE TO THE SECOND EDITION 

In preparing this edition I wished to incorporate much new 
matenal in the text, but the difficulties of the times made 
large-scale alterations of the existing pages impracticable 
Fortunately, the first edition was still so modern that it was 
not necessary to remove much of its printed matter, and 
I have, in my opinion, been able to bring the new edition 
reasonably up-to-date by the addition of new chapters and 
a few supplementary notes I am much indebted to many 
colleagues and students for helpful criticisms and suggestions 
in the preparation of these additions 

Nottingham L F BATES 

1947 
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CHAPTER I 


FUNDAMENTAL CONCEPTIONS IN 
MAGNETISM 

Fundamental Definitions It la well known that by arti- 
ficial means we can cause certain substances, called ferro- 
magnetics, to become more or less permanently magnetised, 
1 e to poLsaeaa the power of attracting or repellmg other 
magnetised or magnetisahle bodies, and we aay that the legion 
around a magnetised body constitutes a magnetic field. If a 
piece of unmagnetiaed iron be placed m such a region it be- 
comes magnetised and is said to exhibit induced magnetism 
If we place a piece of permanently magnetised material in a 
magnetic field, and find that it is not acted upon by trans- 
lational forces but only by couples tending to set it in a par- 
ticular direction, we say that it is in a uniform field, it is 
assumed that the field is not disturbed by tlie introduction of 
the material and that the latter’s magnetism is not affected 
It can be shown that a uniform field exists in the middle of a 
long solenoid or cod of wire wound uniformly upon a cylinder 
and carrying a steady current, and for most purposes the 
magnetic field due to the earth may be treated as uniform over 
large regions 

Now when a long rod of permanently magnetised material, 
e g a bar magnet, is suspended so that it may rotate freely in a 
horizontal plane, it is acted upon by the magnetic field of the 
earth, its axis comes to rest roughly along a north-south hne, 
and we speak of north-seeking and south-seeking ends of the 
rod However it is placed in a uniform field, two systems of 
parallel forces act upon the rod, and the resultants of these 
forces always appear to pass through two points or tiny 
regions, one near each end of the rod These points are called 
poles and at them we may for purposes of calculation consider 
north- and south-seeking magnetism to be located The hne 
]ommg the poles is termed the magnetic axis of the magnet 
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It IS an experimental fact that like poles repel and unlike 
poles attract each other with forces which obey an inverse 
square law This leads to the definition of a unit pole as one 
which will refiel an equal and similar pole placed 1 cm away 
in vacuo with a force of 1 dyne The pole strength of the magnet 
IS therefore me.isured by the number of unit poles to which 
each pole is equivalent If we t ould jilace a unit pole at a fixed 
point 111 a magnetic field in vacuo it would be acted upon by a 
force which would be a measure c)f the strength or magnetic 
intensity of the field, and unit niagtielic intensity exists at the 
point when the force on the unit jiole is 1 dyne The unit of 
magnetic intensitj is now called the oersted, following the 
recommendation of the International Conference on Physics 
which met in London in 19.14 It was previously termed the 
gauss, and although the rea.soris for the change are certamly 
not apparent, the term oersted will be used tlnoiighout this 
book in an attempt to carry out international obligations 

The work done in taking a unit north-seeking pole from a 
fixed point P to a fixed point A is known as the potential 
dijfcrenre between the iioinfs A and J3, and when B is located 
at infinity the work done in bringing the pole to A is known as 
the potential at tlic point A for wc may neglect magnetic 
forces at points an infinite diitanie fioni magnetised bodies 
If A and B are separated by a small distance dx along the line 
AB, then the work done in taking unit pule iiom Bto A, which 
must he independent of the path, is —F,.dx = dV, where 
IS the eomjionent of the magnetic intcnsitv along AB at the 
point X, the ramus sign is introduced because the field intensity 
decieascs as the distance liom a magnetic pole increases 
Hence F^ = —dVjdx, or the field intensity is equal to the rate 
of decrease of potential with distance The intensity at a 
point r from an isolated ))ole + m is m/r-, w hile the potential is 
mjr 

The direction in which a single north -seeking pole placed at 
a point in a magnetic field wmuld he urged to move is known as 
the direction of the line of foiee at that point In a uniform field 
such lines are parallel By convention we may state that umt 
intensity exists at a point when one line of force passes 


2 
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through unit area placed perpendicular to the hnes of force at 
that point, and thus we may expreas the magnetic intensity at 
a point in any field m tcrma of lines of force per aq cm Since 
at a distance of 1 cm from a umt pole the intensity is 1 oersted 
over a surface of area fir sq cm , we see that the convention 
requires that 47r hnes of force leave unit north -seeking pole 
A bundle of lines of force leaving unit north-seeking pole and 
ending on a unit south-seeking (lole is known as a umt tube of 
force, and, on the above convention, consists of in hnes 

We have seen that when a permanent magnet la placed in 
a umform field it la aited upon by a louple Refening to 
Fig 1, suppose tliat the magnet 
NS of pole strength munit poles 
IS placed in a uniform fu Id of 
strength ^ ocisteds in the di- 
rection bhovn in the plane of 
the paper If the poles aie 
located at the ])Oints N and S, 
then the couple acting on the 
magnet is in the 

sense indu ated, u here 21 is the 
distance hotvveen N and S in 
cm The jnoduct ‘2ml — M is 
termed the maqnetK moment of 
themagiiet, and is i lpailvc(|ual 

to the maVllllllin couple ivllich Fijt I m uniform field 

can be cxei Led on the magnet 

when it IS plated m a umform field of umt intensity, it is 
measured in dync-cm peroeisted It is perhaps unfortunate 
that no practical unit of magnetic moment has been named, 
for modern experiments show that there exists a funda- 
mental unit of magnetic moment, the Bohr maqneton, whose 
existence is just as real as that of the charge carried by an 
electron 

The extent to uhich a body is magnetised is measured by 
its magnetic moment per unit volume or intensity of magnetisa- 
tion This is a vector quantity, since magnetic moment has 
both magnitude and direction If we could take a very long 
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JUNDAMENTAL CONCEPTIONS IN MAGNETISM 

uniformly magnetised rod, we could imagine the cross-section 
at one end to be covered with m north-seeking or positive 
umt poles and at the other end with m south-seeking or 
negative unit poles The intensity of magnetisation is, by 
definition, equal to 2ml divided by 2Za:, where a is the area of 
cross-section of the rod, hence the intensity of magnetisation 
of a uniformly magnetised rod is equal to its pole strength per 
unit area of cross-section In practice, however, the poles are 
never located at the ends of a rod, but alw ays at a short distance 
from each end , in other woi ds, the magnehc length or equivalent 
length of a magnet is always less than its geometrical length 

Magnetic Shell For many purposes it is helpful to imagme 
a thin sheet of material uniformly magnetised in a direction 
normal to its siiiface, one side being north-seeking and the 
other south-seeking Such an arrangement is known as a 
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magnetic shell, and the strength of the shell at any point on its 
surface is delined as the product of the intensity of magnetisa- 
tion and the thickness of the .sliell at that jioint, a uniform shell 
IB one in which this product is the same all over the shell The 
conception is important in discussions of magnetic problems, 
as it may be show n that a closed circuit carrying a current of i 
e m units is equivalent to a uniform shell of strength i whose 
boundary is the circuit It is sometimes convenient to picture 
an electron moving in a closed orbit or a spinning electron as a 
magnetic shell Moreover, the jiotential at any point near a 
uniform shell is equal to the product of zts strength and the 
solid angle subtended by the boundary of the shell at that 
point, the angle being taken as yiositive when lines radiating 
from the point fall first upon the north-seeking surface of the 
shell, the shayie of the shell has no influence on the value for 
potential, the boundary remaining constant 

If we consider an element ds of a wire carrying a current i, 
it IS deduced from experiment that the force on a pole of 
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strength m placed at a point P (Fig 2) is proportional to 

ds 

nii—^smd, an expression due to Laplace The force acts at 

right angles to the line joining the mid-pomt of the element to 
P and to the plane containing the element and this line Hence 
if a wire is bent into a circle of radius r, the force on unit pole 
at the centre is proportional to ‘Imjr, and the electromagnetic 
unit of current is accordingly defined as that which, when 
flowing m a single complete turn of 1 cm radius, causes a force 
of 277 dynes to act upon unit pole placed at the centre When 
the current circulates in a clockwise direction, as viewed by 
an observer, the circuit behaves as a magnetic shell with its 
south-seeking face towards the observer 

It IS easy to show, either by using Laplace’s rule or the 
conception of a magnetic shell, that the work done in taking a 
unit pole once round a closed path surrounding a conductor 
carrying a current i e m units in opposition to the field is 
4774 ergs This lesult may be extended by taking a unit pole 
along the axis of a solenoid, completing the closed path by 
returning outside the windings, when the work done is 
inNi ergs, where N is the total number of turns on the 
solenoid carrying the cuirent i If the solenoid is uniformly 
wound with n turns per cm length, then it folloiys that the 
field along its axis is inni oersteds 

P,ertneahihty From the definition of unit pole it follows 
that the force between two poles of strength and Wj a 
distance d apart in vacuo is m^m^jd'^' dynes If the poles are 
embedded in a medium, the force becomes equal to m-^m^jjjidp', 
where /i is a constant known as 'permeability of the medium 
We have at present no means of determining by direct experi- 
ment the value of the quantity /< used in this particular expres- 
sion, and its dimensions are generally considered unknown 
Let us now suppose that we have a long straight solenoid 
umformly wound with n turns per cm length and carrying a 
current i measured m electiomagnetic units (1 ampere = ^ 
e m unit) The magnetic field inside the middle portions of 
the solenoid and along its axis is uniform and ecjual to inni 


5 



FUNDAMENTAL CONCEPTIONS IN MAGNETISM 

If now a small numbei of turns N' of wire are wound upon the 
solenoid and joined to a ballistic galvanometer, the quantity 
of electricity discharged through the latter when the current 
.N ^ 47r?H' 

i is reversed is 2 — ; s — coulombs, w here A is the mean area 

Ji 1 0 “ 

of cross-section of the solenoid and R is the total resistance of 
the galvanometer tiiciiit in ohms This quantity of electricity 
can be measured directK in terms of the deflection and known 
constants of the galvanonictei If however, the solenoid were 
embedded in a medium of permeability /i, the quantity of 
electricity discharged thiough the galvanometer would be fi 
times the value uliseived when Ihe solenoid was in vacuo, 
although the galvanometer defleition would be but imper- 
ceptibly changed unless the medium were lerromagnetic 
Now, /i IS here assumed to be the same quantity as that 
occurring in the exjiression lor the loico between two poles 
We have, howev er, no means of jiroving this identity by experi- 
ment Indeed, Abraham* has pointed out that fi may be 
dehned m at least six difleumt wa\s, and that it is iin possible 
to prove exfiermieiitallv that anv two of them aic the same 
A matlicmalKal formula ioi /i may be obtained as follows 
We conauh i such a long solenoid tliat when it is filled with a 
cylinder of magnetic raateiial any fiec poles generated at the 
ends of the ( vliiidor w ill {iioduee no measurable t fiangc in the 
field acting at the middle poitioiis of Die cylinder Let # be 
the field acting in the absence of magnetii material The held 
inside a long nairow tunnel ii.iiallel to the axis of the cylinder 
will still be 11 we ( ut a erevasKt* in the cylinder, or, lather, 
if we cut through the i \ liiider peipendieulai to its avis and 
separate the two portions slightly, the held in, side this gap will 
be augmented by the field aiisiiigfiom the magnetic pole.s, I per 
unit area on cithci side of the gaji It is clear that the lines of 
force joining these jioles must tiaverse the gap normally, and, 
hence, Itt/ lines of force must jiass through each sq cm of 
the gap cioas-sectioii 'riie loLd number of lines jier unit area 
IS therefore -\-i7Tl , a quantity which we call the magnetic 
induction and denote by B Hence we see that the ratio of 
• H Abraham BuU yai Rl^ Coitn , Wa'thington, No 93 
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MAGNETIC SUSCEPTIBILITY 

the quantity of electricity discharged through the galvano- 
meter IS /I to 1 or B to JP Hence 

/i = 1 -I- 47r//J?^ = 1 -h tuA . (1) 

We shall assume tins expression to be correct for all isotropic 
substances It is incorrect in general, for crystalline sub- 
stances, since in the lattei cases 7 and Jf’ do not coincide in 
direction, ive shall return to this matter in Chapter iv 

We may fuither imagine tliat lines of induction analogous 
to lines of force pass through a magnetised substance If we 
consider lines of induction passing tlirough an area perpen- 
dicular to the lines, then we define the iiioduct of the induction 
and the area as the normal flux, usually abbieviatcd to flux, so 
that the induction may be termed the fl ux density and measured 
in lines per sq cm In air or in lacuiim the flux density is equal 
to the held strength (or intensity) 

The ratio or L is termed the magnetic susceptibility, and 
according to their susceptibilities substances may be roughly 
divided into three classes — diamagnetic , paramagnetic and 
ferromagnetic In general, the susceptibilities of substances m 
the first two classes are small, diamagnetic susceptibilities 
being negative and paramagnetic susi e))tibilities positive 
The susteptihihty of a ferromagnetic is usuitlly very laigo, 
unless the iiiateiial is saturated — ic magnetised as stiongly 
as possible in a ]iowerful field — and depends upon the apjilied 
held and the picvious magnetic history of the material The 
magnetisation of diamagnetios and paramagnetios dis- 
appears vt hen the exciting held is removed, but ferioniagnetics 
then exhibit lesidual or permanent magnetisation 

In the English and foreign literatures certain symbols are 
commonly used in the description of suseejitibility values 
First, the susceptibility per unit volume, or the intensity of 
magnetisation per unit held, winch is the quantity most 
commonly measuied directly by experiment is usually 
denoted by 7. or x or a: Secondly, the susceptibility per unit mass, 
a quantity frequently recjuired in theoietical discussions, is 
denoted by y, and is equal to kjp, where p is the density of the 
substance Thirdly, the atomic or molar susceptibility or Xm 
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la respectively equal to the product of y and the atomic or 
molecular weight, or to the product of k and the atomic or 
molecular volume Thus, in the case of mercury, we have 
k = — 2 286 X 10^® emu per c c , p = 136 gm per c c , and 
the atomic weight = 200 6, so that, numerically, 

X = 2 2B5 X 10^" — 13 6 = 0 168 x 10“"e m u pergm 

and 

Xa — ^ ^ ^ 200 6 = 33 7 X 10~®e m u per gm atom 


Energy of Magnetisation There are several ways in which 
we may derive an expression for the energy stored in a 
magnetised medium, and one of the most satisfactory is the 
following A thin ribbon of metal is wound as a uniform solenoid 
upon a very long cylinder of the magnetic material Let n be 
the number of turns per cm and I the total length of the 
cylinder, whose area of cross-section is a Let R be the resistance 
of the winding Then, the self-inductanoe L of the windmg, 
1 e the total number of lines of force linked m ith it when unit 
current flows, is A.nn{n!xl) p Hence, on applying an electro- 
motive force E to the ends of the solenoid, we have, if i is the 
curient at any instant, 

E = Ri + L dijdt, 


so that 



J 


Ri^dt + 



The second term on the right-hand side of the last equation is 
the work done in establishing the magnetic energy associated 
with the current i in the solenoid, on integration it gives 




1 (47riu)’ 

2 4n 


ala = \ a al 
■‘'^477 


But aX IB the total volume of the material upon which the 
solenoid is wound Therefore the work done or energy stored 
per unit volume is pJ'f'‘ISn In the case of diamagnetics and 
paramagiietics this expression has a definite meaning, but m 
the case of ferromagnetics it is practically indeterminate as p 
IS almost an unknown function 

It should be realised that the quantity pj^^l%n also repre- 
sents the magnetic potential eneigy of umt volume of the 
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THEORY OF DIAMAGNETISM 

matenal with respect to the applied magnetic field It 
should therefore in this connection he preceded by a minus 
sign to mdicate that it is negative, for we should have either 
to do work to turn rhe matenal, without change in magnetisa- 
tion, through 180 degrees with respect to the lines of force of 
or to supply thermal energy in order sufficiently to agitate 
the magnetic particles and so demagnetise the material We 
shall see in Chapter Hi how this enables us to determine the 
direction in which diamagnetic and paramagnetic bodies 
tend to move m a non-uniform field 


JOlaasical Theory of Diamagnetism In 1854 Weber showed 
that all matter should exhibit diamagnetism, on the assump- 
tion that Amperian currents iirculated within its molecules, 
but it was not until 1905 that Langevin showed that the elec- 
tron theory provided a moic satisfactory picture Langevin 
examined the behaviour of an electron moving in a circular 
orbit of radius r when a magnetic field J?’ was slowly established 
perpendicular to the plane of the orbit He found that, unless 
the electi on moved under an inverse cube-law force, 1 he radius 
of the orbit remained unchanged but the velocity of the 
electron mcieased or diminished in accordance with Lenz’s 
law, giving a change in magnetic moment of the system equal 

gi 

to AM = If, therefore, an atom contains a laige 

4m 


number of electrons with their orbits oiicnlated in all possible 
directions the total conti ibution made to the induced magnetic 


moment is 




( 2 ) 


where represents the mean of the squares of the radu of the 
projections of the orbits on a plane perpendicular to the field 
If we write + + then = jPJ, so that 

the molar susceptibility is given by 


Xm - " ^ -'^0 


The last expression may be obtained in a more instructive 
manner, for, let us consider the special case of a circular 
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FUNDAMENTAL CONCEPTIONS IN MAGNETISM 

orbit in the plane of the paper with a field 3^ apphed m the 
direction shown m Fig 3 a Then it follows that when the 
electron is to the right of the hne AB it experiences a force 
jmshmg it into the plane of the paper, and when to the left of 
AB a force pushing it out Hence we may suppose that a 




torque acts on tlio system about the axis AB The orbit 
acoordiiiglv piccesses about The angular momentum 
associated with the circular orbit is V = mvr = Zma., where 
a IS the uieal volocity, and the magnetic moment M, equal to 
the product of the equivalent cuiient and the aiea A of the 

c = ocf, mIicic t is the tune of description of 


orbit, 


... 1 - 


the 01 hit Now tlie toi que J' acting on the orbit is 


il/.lF = -eoi A' , 


and if in Fig 3h, a'b' icjiresents 1/ at a given instant and a'c' 
rejircsents U a short time interval dt later, when the orbit 
has jiiecessed through an angle dip, then b'o' = U dip = Fdt 
Hence F = U dpjdt = Ucr, whcie cr is the angular velocity of 
piecession 

Thus F= — cai iF = 2mair or tr = —^jF (4) 

2m 


The change in magnetic moment brought about by this pre- 
cession IS now equal to 


AM 



4m 


( 5 ) 
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LARMOR PRECESSION 

Taking the general case of an electron orbit inclined at an 
angle to the lines of force, we may imagine the whole to precesa 
about the field with the angular velocity given by (4), so 
that the change in magnetic moment is given by (5), where 
now represents the mean of the squares ot the radius upon 
a plane perpendicular to the field, in this way expression (3) 
for the susceptibility is again obtained 

Larmor first predicted the precession described above as 
the result of a general theorem which we shall now consider 
If we talie a central force A’', T, 7j ailing on the electron along 
fixed X, y and z (left-handed) axes and apply a constant 
magnetic field ,3^ parallel to the z axis, the equations of motion 
of the electron aie ^ X ] 

■my = — eJ^x +1^1. (b) 

mz = Z ] 

therefore / eJf \ 

tiiz — Z 

If now we treat the election as free of the magnetic field but 
referred to axes rotating about z in a right-handed direction 
with a constant angular v clocity li, its velocities can be written 
1L = X — {jU, V = y-\- rU, ic = z, 
and its accelerations 

u — ■bQ, V + ■uQ, w 

or x — 2yQ — xiP, y + ZxQ — y{2~, z, 

so that the equations of motion are 

m{x — 2Di/—iJ^x) = -Xl 

m(y + 2Dx—D^)= yj- (7) 

mz = Z) 

Now, ifI3 = eJt/Zm, the terms in 12* aie negligible compared 
with those in 12, and the equations (7) referred to the moving 
axes without the magnetic field are the same as those of (6) 
for fixed axes with the field In other woe ds , apart from seoond- 
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order disturbances, the effect of the field is merely to impress 
a rotation of angular velocity Q = ej^l2m about the field as 
axis It should be noted that Q represents a right-handed 
motion about 3^, whether the undisturbed motion of the 
electron is right- or left-handed about 3^ This gives in a more 
precise way expression (3) for the susceptibility 

As in the later expression must always be positive, or as 
the precession is always nght-handed about 3f^, all matter 
must be diamagnetic The diamagnetism is often not apparent, 
since any paramagnetism present may overwhelm it As the 
expression contams no term involving temperature, the 
diamagnetism should be temperature independent This is 
the case for bromine, phosphorus and sulphur, but frequently 
temperature variations, possibly due to superimposed para- 
magnetism, are found, m any rase, some slight variation of 
Erl with temperature is to be expected When the expression 
(3) IS used for the evaluation of the value found is of the 
order 10“® cm , which is in satisfactory agreement with 
X-ray measurements The large tenqierature variation of the 
susceptibility of bismuth is discussed on p 148 

From the above theory it would be expected that the mole- 
cular susceptibility of a diamagnetic compound would be 
equal to the sum of the atomic susceptibihties of the atoms of 
which it 18 constituted, or 

Xii = ( 8 ) 

where is the atomic susceptibility of the tIj atoms of the 
same kind denoted by tlie suffix 1 Asa particular case we may 
consider the molecular susceptibility Xm of a diamagnetic 
compound as made up of the ionic susceptibilities of the anion 
and kation which it forms on solution, when 

Xm /Yttiiioii 4- Xi,„t,ou (H) 

Equation (8) is but raiely obeyed and an extensive senes 
of experiments by Pascal has shown that it should in general 
be replaced by the equation 

Xm^^'^iXa^ + K ( 10 ) 

where A is a constant which ha,s been found in a large number 
of important cases, e g for the benzene nng A = — 1 45 x 10“® 


12 



THEORY OF PARAMAGNETISM 

Only in the case of the saturated hydrocarbons, i e of the 
type , IS A found to be zero It is thus clear that A is a 

constant which expresses the effect of chemical combination 
Equation (9) appears to be somewhat more rigorously 
obeyed It should be explained, however, that it can only be 
tested by making an assumption, either ooncermng the value 
of the ionic susceptibility of H+ or concerning the radii of the 
electron orbits in ions which have a rare gas configuration 
By taking the lomc susceptibihty of H+ to be zero Fnvold* 
has shown that equation (9) is obeyed with reasonable 
accuracy For, by assuming this value for H+, the values for 
01“ and Br“ were directly obtained from measurements on 
solutions of the halogen acids These values were then used to 
calculate the values for metallic ions on the basis of equa- 
tion (9), and the two values so obtained for a given ion were 
in fair agieemcnt Joosf assumed that the ions possessmg 
electron configurations similar to rare gas atoms have electron 
mbits for which is inversely jiioportional to the atomic 
number of the atom forming the ion There is not very good 
agreement between Fnvold’s results and those calculated on 
the basis of the Joos assumption In any case, all the calcula- 
tions depend upon the correctness of Wiedemann’s law, which 
states that the susceptibility Xt of a- solution containing m gm 
of salt of susceptibility x, dissolved in 31 gm of solvent of 
susceptibility Xw *3 given by 

{3I + m)x, = m x, + J^t Xw 

Classical Theory of Paramagnetism Langevm was the 
first to give an electron theory of paramagnetism which still 
forms a valuable introduction to its study He considered a 
paramagnetic gas m which each particle was endowed with a 
permanent magnetic moment y so that when a mass of the gas 
was placed m a field each particle tended to set with its mag- 
netic axis parallel to it Now, at ordinary temperatures the 
particles are subject to considerable thermal agitation and 
would be prevented from takmg up anything hke exact align- 

* O E ViwoXA, AifuindliTKjcT ui avdelNorake Vidfnskap^ Akad O^fo, No 9, 
1033 Of R V AnantaUri'^hnnn Pror Tvd Acad Sci 21, 120, 1945 
■(■ J Juua, Zeit Jut I'hya 32, 81"i, 192T 
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ment, but a kind of statistical equibbnum would be set up 
with a majority of the particles contributing to a magnetisation 
parallel to the field 

If the applied field is 2^ , then the field which would act 
upon an isolated particle placed at the centre of a spherical 
hole made in the medium (instead of the crevasse of p 6) is 


F = ■/(' -V j 1 Now, the quantity 7 is so small in the case of a 



Fig 4 


we took the paramagnetic gas oxygen and compressed it until 

477 " 

Its density was unity, as Debye* showed, / would only be 

O 

equal to 5x10 approximately However, we cannot 

always neglect this term in dealing with liquids and solids at 
very low temjieiatures, but in the case of a gas we can always 
suppose that its pressure and density is so low' that F = 2^ and 
there is no question of mutual action between the particles 
The potential energy of a particle whose magnetic axis 
makes an angle 0 with the field is —fiF cos 0, so that we may 
write that the number of particles whose axis make an angle d 
with the field is proportional to f-c-ei raaWr) xjug jg merely 
an example of the application of the Maxwell-Boltzmann law, 
which states that when we deal with a large number of particles 
the number tij each possessing an energy E,^ is related to the 
number each possessing an energy E-^ by the equation 


* P Dcbve, liaudbuch der Rtidiologte, Band 6, 686, 1926 
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THE LANQEVIN FHNCTTON 

suppose that we can collect all 
the particles in a given mass of gas and place them with their 
centres at a point O, Fig 4, and their axes pointing in the 
directions in which they actually pointed before they were 
collected Then the number dn of [lartieles whose axes fall 
within the solid angle do) between two hollow cones of scnii- 
angles 0 and 6 + dO is given hy dn = K d(o, whcic 

K IB a, constant and d(i) = 27 t amOdO (Since the total number 
n of particles in the given mass of gas is equal to Jdn, then, if 
we write a = /iF/LT, 

n = 27 tK j Sind dt> 


Putting cos 6 = X, v,e have 


n = 271 K 


2itK ^ 

-- (c"-e-“ 
a 


which gives K in terms of ?i 

Now the dn particles eacdi contribute a component of 
magnetic moment /icciad parallel to the held, while bv 
symmetry the components perpendicular to the field neutralise 
one another Hence the magnetisation of the given mass of 
gas IS equal to 


M = \ fi cosddn 
J n 

= j g cos U K 
J I) 


/I cos 0 h 2n sm OdO 


= — 2nfiK J X €"^dx 

rc“ + e-“ 

= ^ - az J 

27 Tun r, , isinhal 

= 2 < osh a 

47rsinha|_ a J 

= jxn ^cotha — J 
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where ji is the average magnetic moment each particle appears 
to possess under the experimental conditions 


Hence 


- = cotha — 
fi a 


The expression cotha — l/o is known as the Langevin function 
and 18 denoted by L{a) When a is small 


It II- 

^("^ = 3-45 + 


and vanishes with a Hence, in this '’case, corresponding to 
weak fields and high temperatures. 


1“ 


317’ 


■^LT 


for a gas, 




whore N is the number of particles in 1 gni niolci iile of the gas 
'I he last eciuation may be rewritten 


iV/7 _ _ _ NY _ C 
- Xm - - J! 


( 11 ) 


Thus we see that the molar susceptibility of a paramagnetic 
substance should vary inversely as the absolute temperature, 
a statement which is known as the Cutic or Curie- Langevin 
law The law can be deduced by thermodynamics provided 
X ^ f(^) The gas particles have here been treated as if they 
provided no diamagnetic effects As W'e have seen, all matter is 
diamagnetic and an apjiropnate correction must be applied to 
experimental results before the paramagnetic susceptibility 
is calculated There are only two common paramagnetic 
gases with which the law may be tested, namely and NO 
In the case of Oj the law holds exactly, but in the case of NO 
there are special circumstances which cause it to break down, 
these will bo discussed on p 47 It is remarkable that the 
Curie law holds so often in the ease of solids and liquids, where 
a prion we would certainly not expect it to be valid Thus it 
holds for many salts of the rare earth group It holds for 
solutions of paramagnetic salts, where the ions may be looked 
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THE CTJBIE LAW 


upon as reasonably free On the whole, however, paramagnetic 
susceptibilities tend to follow a modified Curie law, known as 
the Curie- Weiss law, viz Xm ~ CjT — 0, whose significance 
we will discuss later 

For large values of a, corresponding to intense fields and 
low temperatures 

L{a) = 

a 

and hence approaches unity Tlie complete curve of L{a) 
plotted against a is shown m Fig 67 on p 234 We should 
therefore expect satuiation effects to be apparent at low 
temperatuies Such effects have been found ni the case of 
gadolinium sulphate, OdalSOj), SHjO, the retults do not 
exactly fit the Langeviii cuive and the deviations will be dis- 
cussed on p 42 

Langevm’s derivation of the Curie law is open to a serious 
cnticism which was |)ointcd out by Fil van Lceuwen 11 the 
permanent magnetic moment is associated with and pro- 
portional to the angular momentum of moving electric charges, 
then the magnetic moment cannot have a fixed magnitude ji, 
but must take all values ranging from — oc to -fco When 
the Maxwell-Boltzmann statistics are applied to a system of 
such particles, the diamagnetic and paramagnetic contribu- 
tions to the magnetisation annul one another Hence we must 
regard the Langevin theory ns incomplete, and we shall later 
see how the theory has been remodelled on quantum mechames 

The Bohr Atom Important changes in the theory of 
magnetism accompanied the publication of Bohr’s theory of 
atomic spectra In order to explain the emission of spectra 
lines by a hydrogen atom or a similar atomic system, Bohr 
treated the atom as a positively charged nucleus around 
which as centre an electron described a circular orbit, and he 
made three important postulates First, the angular momen- 
tum associated with the orbit had to be an integral multiple of 
hj27r, where h is Planck's constant of action, 6 610 x 10“^’ erg 
sec , this efl’ectively limited the radu of possible orbits to 
* J H Van Vleck, EUctnc arui Mag7i€t%c Suaceplihihixes, p 94, 1932 
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certain discrete values iSecondly, the electron while describing 
the orbit could not emit electromagnetic radiation, this meant 
the assumption of a number of stationary orbits or states in 
which the electron obeyed the classical laws of electrostatics, 
but not the requirements of electromagnetic theory Thirdly, 
on passing from one stationary orbit to another nearer the 
nucleus, the electron emitted a quantum hv of monochromatic 
radiation of frccjueiicy v 

Bohr’s first postulate is extremely important m magnetic 
theory, for we may viiite the angular momentum associated 


with the orbit 


= nlijin = 


( 12 ) 


where n is un integei, u,, is the i.uhiis of the nth oibit and (i) 
IS the angular velucity Now , the magnelic inoiiient associated 
with the moving elei turn is equal to the area of the orbit 
multiplied by the current to ninth tlie moving election is 


equivalent, i e to 


„ I In af,(,> 

/ - = Tte - = 
I (I) In 


where e is measured in electromagnetic units if e is measured 
in electrostatic units the last exjircssion must he divided by c, 
the velocity of light We see, then, that the magnetic moment 
of the system is an integral multiple of hel4nm, a quantity 
which IS theiefoio regarded as a tuiidainoiital unit of magnetic 
moment, the Bohr magneton Its value taking ti = 6 610 x 
] and p/wi = 1 750 x 10^, is 0 ')2'> x 10'^“ e m units and we 
shall denote it bj IjCt us note, iii jiassing, that the latio of 
the aiigulai momentum <>t the system to its iiiagnotio moment 
is 2)n/p 

If wc further write 


for the condition that an electron must remain in a circular 
orbit under the eJectiostatic toice between the nuclear charge 
Ze and the electronic cliargp e (both in e s units) and the centri- 
petal force, we have 


= n^h'‘‘j4nhHZe^, 

18 


(15) 



THE BOHR atom 


assuming that the nucleus is fixed in space 
of the potential and kinetiL energies 
electron IS — Ze^/2a,|, then 




Since the sum 
of the moving 

(16) 


This IS a minimum when n. = 1 u hen we say that the s\ stem is 
in its fundamental, ground, or noiinal slate 

According to Tohi s third |)ostulatc the emission of mono- 
chromatic radiation o( ( uis wlieii (lie electron passes from a 
stationary orbit to another », when «2>7ij The fiecjuency 
IS given by 


h? 


\vi nil 


(17) 


Expression (17) gives the IrefpieiKv m vibrations per second, 
and in oidei to avoid the use ot ( xtiemcly Imge numbers it is 
usual to exjiress the luipieiu^ in terms oi wave ^lumbers oi 
vjc The value of Z for h ^di ogr n is I , and w lien Wj is given the 
several values 1 J, ,) and I v bile iij takes inteaial values m all 
eases grealei than vveJind tliat (17) lefitesenls lespertively 
thoLynuin, Balnicr, [bi\(hfv and HkhLcU seiusoflmoHemitted 
by the hjdrogen atom 'J’lie lactoi ‘Ivhnc^ldi^ is known as 
theRydberg const.iiit for bvdiogen, and its value is 100677 68 

The expiessioii ( 17) is mcom[ilete bei aiise the iiutleus can- 
not be sliu tly legaidod as a fixed point and when account is 
taken of its rotation, the above value ol vjc must be inultijilied 
by a factoi MIM + in wlieie M is the mass of the nucleus 
This fact has been used in calculating tlic i atio of the mass of 
the hydiogen atom to the mass of the electron from the 
experimental values of the Rydbeig constants for hydrogen 
and ionised helium atoms 

The circulai oibit is, however only a s|iocial case lor the 
motion of a jioint chaige under an mveise HC(uare law, and 
Sommerfcld extended the Bohr theory to cover the general 
case of elliptical orbits Re separately rjuantiscd the angular 
momentum and the radial momentum of the electron, using 
the equation 

^ = Lh and L j>^dr = nj.h (18) 
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We need not consider this work further as the net result is 
that the number n in equation (16) is merely replaced by 
k + so that the energy of the elliptical orhit is the same as 
that of the correajionding ciicular orbit, although the original 
single circular orbit for a total quantum number n is now 
replaced by one circular orbit of radius a„ and, in addition, 
n — 1 elliptical orbits Somincrfeld also took account of another 
important property of a moving body, the variation of its 
mass with velocity The mass wi at a velocity v is equal to 
mj'jl where is the mass at velocities small com- 

pared with that of light On account of the variation of 
velocilv in difliient jiarts of the orbit the path of the electron, 
iiHtead of lieiiig a simple ellipse bei onies complicated and 
nia\ best be likened (o ii losettc There now result differences 
in the energies of oibits with the same total rjuantum number 
a, and the energy is the le.s8 the greater the eccentricity of the 
simple elh[isc‘ which would be described if m were independent 
of V 1F„, mIikIi now li.is n distinct \nliies differing sbglitly 
fiom eiK h other, may be written 


‘In-iiiZ-e* 

(1 ^ 

in-Zh'‘‘ 

In i\ 

M 



c-h- 

(k f) 


2TThnZh>* 

f 1 


3\ 1 



t,i^ + 


4/ n^ 

■ 


where a is known as the fine sirurlure comlant 

The passage of an dec Iron from a state with total quantum 
iiuiiiher /ij to another with iq would at first sight appear to be 
possible in iqWi ways, thus giving a fine struiture of hues 
very close togetlier in place of a single spectra line, but many 
of these transitions arc not found by experiment and a Selec- 
tion Rule IS used to account foi the observed fine structure 
Briefly, the rule is Jk = + 1 , or only those transitions are pos- 
sible in which the angular momentum increases or decreases 
by one unit, h/'ln 

Spatial Quantisation In discussing the behaviour of a 
paramagnetic' gas it was assumed that the magnetic particles 
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SPATIAL QUANTISATION 


could set With then axes at aU possible oiicntations with 
respect to an applied magnetic field Hence, if we could 
examme a gas composed of paramagnetic hydrogen atoms, 
their electron orbits could, on tins view, set with their planes 
making all ])oshible angles with the lines of force It would 
then be difficult, however, to account foi the sharpness of the 
lines emitted by a source of monochromatic light placed in a 
magnetic field, and Pauli* concluded that the view was 
incorrect and that an electron orbit could only set m certain 
discrete positions, viz with the component of the angular 
momentum about the lines of force equal to an integral 
multiple of A/27r As a matter of fact, a similar idea, but of a 



Fig C 


more restricted nature, was put forward earlier by Lenzf to 
account for the behaviour of ferromagnetic crystals So, if we 
represent the angular momtntuni of an oi bit of quantum 
number a by a vector line OA jierjiendicular to the plane of the 
orbit and nhl27T units long, then the orbit may set only in 
such positions that the projection of this vector upon the 
direction of the field is an integral multijile of + ft/27r This 
conception 19 of profound significance m the theory of magnetic 
susceptibility 

Referring to Fig 5 we see that cos 0^ = qjn, where q takes 
thevalues H, 1, ?! — 2, , —?i, and, hence, the component of 

magnetic moment along the field is u/t cos 6^, since n/ijj is the 
maximum magnetic moment which the orbit may exhibit 
Now, the number of electron orbits setting with their magnetic 
axes at an angle 0^ with a field 3^ must be proportional to 

• W I'auli. i’Ay? Zei! 21, CIS, 1020 

t V Lciiz, Phyn Znl 21, 81J, 1020 
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g+Ti/ijjTcoBflg/fcT^ gQ that the average magnetic moment m of 
each particle is given by 

nu „ Z cos 0 

m i 

^g^niiglfcoaO^IkT ’ ' 

, _ n 71—1 —71+1 —71 

where cos = - , , , , 

n n II n 

For the fields of the model ate intensity obtained in the 
laboratory this reduces to 

^ A T = /'a A r 3 ^ 

and when ti ->■ oo we have, as we would expect, m^n^/t^J^jSkT, 
the Langevm expiession, since so many discrete positions of 
the magnetic axis aie now peiinissible that a conchtion of all 
possible orientations is simulated 

The Vector Atom Alodd We have already made use of a 
vector line to represent in magnitude and direction the 
angular momentum of an election orbit In addition to the 
orbital motion of the electron, it has been found nor cssary to 
endow the election with a, spin in oidei to exiilain the occur- 
rence of multiplcts — doublets, triplets etc — in atomic spectra 
This spin mav also be represented vectonally, as too, may be 
the spin of the nucleus The latter jirodiues' lelatiiely minute 
magnetic effects and we shall neglect it foi the present It is 
then found that S|)ectrosropi( leqiiireinents aie satisfied bv 
attributing four (juaiiluin niiinbeis to each electron in an 
atom 

(1) The totoZ quantum nvmhei ti, with Vrilucs 1, 2, 3, 4, 
equivalent to the total quantum number introdiucd in the 
Bohr and Rommerfeld theories, detei mines the size of the 
orbit and the energy level in the atom Thus, in a heavy atom 
tljere are two electrons in the innermost or K X-rat/ hid with 
71 = 1, eight electrons 111 the i/X-iay ^ci els with 71 = 2, eighteen 
in the M X-iay leveli with ti = 3 and so on, the maximum 
number of electrons in any level being 27i^ 

(2) The orbital angular momentum quantum number Z is a 
measure of the angiilai momentum of the orbital motion and 
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may assume any one of the values 0, 1, 2, 3, , {n — 1) For 

example, if n = 5, I may have one of the hve values 0, 1, 
2, 3 and 4 We see that I leplaces the older azimuthal quan- 
tum number k except that l = k—l, or, more accurately, 

= 1(1+ 1) By convention, electrons with 1 = 0, 1, 2, 3, 4, 
are respectively known as s, p, d, f, g, electroris 

(3) The spin momentum quantum number s, whose value is 
always shows that, in addition to the orbital angular 
momentum Ihlin umts, the electron also possesses sA/27r = hjiTr 
units of spin momentum, which we may look upon as due to 
rotation about its own axis 

(4) The ‘'inner" or total wngular momentum quantum 
number g is the vec tor sum of I and s and can have only half- 
integral values Thus if w'e have an electron foi which I — Zj, 
s = i, then g can only have the values Zj ± | 

Although the cpiantum numbers n, Z, s and g are sufficient 
to explain the behaviour of an electron emitting light m the 
absence of a magnetic field, two additional quantum numbers 
are lequired to account for its behaviour in a very strong 
magnetic field It is tlion necessary to suppose that the 
direction of the field foim.s an axis with respect to which the 
spin and orbital momenta are separately quantised We have 
a spin magnetic quantum number representing the pro- 
jection of s ujion the direction of the field, which may have 
only the two values -I- 1 and —1, corresponding to the magnetic 
axis of the spinning electron set jiarallel oi antiparallel to the 
field We also have an orbital magnetic quantum number mi, 
representing the jnojection of Z upon the direction of the field, 
which may take only the values Z, Z— 1, ,0, ,— (Z— 1), — Z 

The Pauli Princrgrle We now come to a very important 
rule or principle win eh enables us to fix the maximum number 
of the electrons which in any atom may have the same total 
quantum number n The principle laj's down that only one 
electron in a given atom can possess a particular set of values 
for the four quantum numbers n, I, m[ and For example, 
only one electron in the chromium atom can have these four 
numbers respectively equal to 2, 1, 1 and — J We have no 
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duect proof of the principle, so far, however, experiment has 
provided no case in which it breaks down, and, although the 
principle is stated with reference to an atom placed m a strong 
magnetic field, it must be of more general apphcation, smce 
there must be some permanent or mtrmsic peculiarity of the 
electrons which prohibits any two of them from takmg the 
same values of the four quantum numbers when the field is 
apphed Hence, a given number of electrons with fixed n and 
Z can only assume a definite number of quantum states, mde- 
pendent of the applied magnetic field, as the change from a 
strong to a weak field must be continuous The values which 
the four quantum numbers may take with n = 1 and n = 2 
are given below 

TABLE I 


Atomic 

number 

X-ray 

level 

n 


mi 



K 

1 

0 

0 


2 



0 

0 

-1 

J 

L 

2 

0 

0 

-i 

4 


2 

0 

0 


5 


2 

1 

-1 

-i 

6 


2 

1 

-1 

^ i 

7 


2 

1 

0 

-i 

8 


2 

I 

0 


g 


2 

] 

-n 

-4 

10 


2 

1 

-Hi 

+ i 


In drawing up this table it is assumed that the electrons are 
added with quantum numbers arranged in the order shown to 
give the lowest energy state of the atom We see that for 
n — 1, we can have a K group of 2 = 2 x electrons only, 
while for n = 2 a further L group of 8 = 2 x 2^ electrons is 
added, while it can further be shown that for n = 3 a^n M 
group of 18 = 2 X 3“ electrons is added, the possible values of 
I now being 0, 1 and 2, m general the maximum number of 
electrons many X-ray level IS 2 xm® In this way we may follow 
the construction of the electron systems of the various atoms 
and so obtam the classification of the periodic table reproduced 
on p 30 We also see from Table I that the vector sums of 
m, and m, are zero for a complete electron shell as found m the 
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CBfle of a rare gas atom This means that the projection of the 
resultant momentum of the electron system upon the direction 
of the field must he zero, smce this must he equal to the sum 
of Zm, and Zm, It means, too, that the resultant angular 
momentum and, therefore, the resultant magnetic moment 
must be zero for a closed electron shell The latter can, there- 
fore, according to the theory given on p 11, exhibit dia- 
magnetism alone In any atom, then, the magnetic properties 
are mainly due to electrons outside the closed electron shells 

RuaseU- Saunders Coupling Since an atom consists of a 
number of electrons occupying various energy levels, it is 
necessary to know how the orbital and spin momenta of the 
several electrons are combined or coupled to form the resultant 
orbital and spin momenta of the atom as a whole The most 
common type of combination is termed Russell- Saunders* 
coupling, in which the several I vectors combine to form a 
resultant L and the s vectors a separate resultant S The 
resultants L and S then combine to form a resultant J which 
represents the total angular momentum of the whole electron 
system of the atom It should be emphasised that the Russell- 
Saunders coupling holds for an atom in a weak or zero field, 
whereas the four quantum members n, I, in, and wi, were dis- 
cussed in terms of a very strong field acting upon the atom 
Again, although the conception of L, S and J is extremely 
helpful, it is not entirely satisfactory, as these quantities may 
be represented by matrices The Russell-Saunders coupling is 
the only one which need be considered m magnetism, as it 
applies to the iron and rare earth groups, inert gas atoms in 
their normal state, and atoms with a single valency electron 

In forming the resultant J, eertain quantum rules must be 
obeyed viz L may only assume the values 0, 1,2, 3, and 
S may only assume the values 0, J, 1, 2, , determined by 

the number of electrons m the atom and the directions of their 
orbital and spin vectors The resultant J takes the values 
0, 1, 2, 3, when 8 is an integer and |, when Z is a 
half-integer Thus, for an atom with only one electron, in the 

* H N Russell and F A Saunders, Asirophys Joum 61, 38, 1926 
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normal state, L can only have the value 0, S the value 
and J the values + ^ , note that in this case 2 7+1 = 2 
Similarly, for an atom with two electrons, one with 1 = 0 and 
the other in an excited state with 1=1, we have L = \, while 
iS = 1 or 0 according as the electron spins are parallel or anti- 
parallel, so that J = 0, 1 or 2 In Fig 6a are shown the three 
waj's m which two electrons each with 1=1 may be coupled 
to give a resultant L, while in Figs 6fc and 6 c are respectively 
shown the ways m which the s vectors of four electrons and 
five electrons may combine 



L^2 L=l L=0 



Fig 6 Vector modi 1 of the atom 


In Figs la and lb are respectively shown the ways in 
which a vector L = 2 may combine with S = | or with S = 2 
There are clearlv 2S + 1 wavs in which L and 7? may combine 
it S, but 2/y + 1 w avs if L< S Nince the energy associated 
with a particular atom depends on the value of J, the value 
of either 2iS' + 1 or 2b + I gives the maximum mulhjdicity of 
energy levels and hence the types of spectra which may be 
emitted by the atom Foi exanijile, when 2jS + 1 = 3, the 
atom niav not emit spectra of higher multiplicity than triplets, 
but can in addition, give singlets The energy separation 
between the outermost components of a multiplet is known 
as the oierall width 

In the presence of a moderately strong magnetic field we 
may picture the resultant 1j and S vectors processing rapidly 
and independently about the lines of force to give projections 
and Ms along the direction of the lines, while in a weak 
field the Russell-Saunders couphng obtains and the L and S 
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vectors form a resultant J about which they process rapidly 
while J itself preoesses slowly about the lines of force In the 
case of a very intenee field the separate L and 8 couplings 
would also be broken down and each I and s vector orientated 
independently with respect to the field, to, and to, giving the 
projection of Va(a + 1) and ^1(1+1) along the field direction 
Fortunately, we know that the atomic susceptibility is un- 
affected by passage fiom a very strong to a weak magnetic 
field, of p 34 



Fig 7 Vef tor model of the •'tom 


Ti'rminology It la necessary to have a convenient short- 
hand notation to enable us to write down the electronic 
constitution of an atom m a simple manner We have already 
seen that electrons in the K, L, M, N, X-ray levels may be 
lespectively distinguished by the values of the ijuantum 
number = 1, 2 3, 4, , and we have denoted by the letters 

s, p, d, f, electrons foi which 1 = 0, 1, 2, 3, , respectively 

By adding numerical suiierstrijits or indices we may indicate 
the number of elections which have a particular value of Z, 
thus, when we write Is^ we mean that we are dealing with two 
electrons in the K level for which n = \, and that both are 
a electrons with 1 = 0 The argon atom we may represent by 
Is^, 2s^, 2p®, 3a^, 3p®, indicating that there are two K electrons 
with n = \ and 1 = 0, two L electrons with n = 2 and Z = 0, 
SIX L electrons with n = 2 and Z = 1, two M electrons with 
n = 3 and Z = 0 and six M electrons with n = 3 and Z = 1 
The potassium atom is given by the addition of one N electron 
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With n = 4 and Z = 0, represented by 4s^ or 4 b, as the super- 
script in such cases is usually omitted 

The above statements, however, are mcomplete, for they do 
not tell us the particular energy state m which the atom is 
found This is indicated by the addition of a capital letter 
S, P, D, F, G, , which means that the resultant orbital 
momentum of the whole electron system IS 0, 1, 2, 3, 4, units 
A prefix to the capital letter represents the value of 2iS' -|- 1 , 
it gives the actual multiphcity of energy levels when L > <S, 
but not when L< S, a,a shown on p 26 A suflSx represents the 
precise value of J which the atom possesses For example, for 
the normal argon atom A = 0 and <S = 0, and to the above 
formula we add ^Sq, which is to be read as “singlet ” and not 
as “one Sq” For the normal potassium atom L = 0 and i§ = ^, 
and the lowest term is '“Sj As a final example we may take 
the lowest term of the trebly ionised atom of chromium, the 
Cr’*"*”*' ion, for which is written Is*, 2s*, 2p“, 3s*, 3p“, 3d*, *Fj, 
showing that i = 3, iS = f and J = f It is usually unnecessary 
to write out the complete shorthand statement of the electron 
constitution of the atom, as electrons forming complete shells 
make no contribution to the resultants L, S and J In the 
case of the normal potassium atom all that is necessary 
IS given by 4s, *Sj, telling us that the normal atom has a 
resultant angular momentum and therefore a resultant mag- 
netic moment The latter is due entirely to electron spin, 
since L = 0 The energy state of the potassium atom or 
the appropriate spectrum term is completely specified by 
the *Sj 

Stability Rules In finding the normal or “ground” state 
of an atom or ion use is made of a set of stability rules devised 
by Hund* from a study of spectra terms In the case of 
S terms, for which L = 0, the maximum multiplicity of energy 
levels is unity, and, consequently, S terms are always singlets, 
P terms never more than trijilets, D terms never more than 
quintets, and so on Also, in an atom with an even number 

* F Hund, Liniena'pcktren ur\d 'periodxsih^ Syatum der EltmenU, Spiingcr, 
Berlin, 1927 
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of electrons, S is always an integer, so that the systems of 
terms for such an atom will always have odd multiplicity, 
while m an atom with an odd number of electrons S has 
half-mteger values and we get systems of terms of even 
multiplicity Hence the multiphcities of systems of terms of 
successive atoms in the periodic table alternate between odd 
and even In addition, Hund’s rules tell us, first, that m the 
lowest term the spin momenta combine to give the maximum 
values of S consistent with the Pauli principle Secondly, when 
the maximum value of S has been thus determmed, the 
orbital momenta combine m a like manner to give the maxi- 
mum values of L Thirdly, for an incomplete shell of electrons 
the lowest term has J = L — S vhen the shell is less than half 
occupied, and J = L + S when the shell is more than half 
occupied 

As examples we quote hist the normal Ci'*‘+ ion Is^, 2s^, 2p“, 
3s^, 3p“, 3d^, 4s, with three d electrons and one s electron 
added to the electron configuration of the argon atom, so that 
L = 2, S = 2 and J = 0 giving a term Secondly, we quote 
the Ce4+''' ion, Is^, 2s^, 2p®, 3s^ 3p', 3d^“, 4s“, 4p*, 4d^“, 4f^, 
5s“, 6p“, where the single electron in the incomplete 4f layer 
gives S = i, L = 3 and J = L— S = e a ^Fj term Further 
examples are worked out by Gorter * 

The Periodic Table. In Table II are given the electron 
constitutions of the elements and the normal state of each 
atom as found by the rules discussed above Those ground 
states which are not yet defimtely proven by experiment are 
enclosed in brackets Attention is particularly directed to 
the electron structures of the elements of the iron group, the 
elements of the rare earth group and the elements of the 
platinum group In the elements of the iron group it is seen 
that a 3d set of electrons is built up after one or two 4s electrons 
have been added to the argon core In the rare earth group a 
4f set of electrons is completed after the addition of one 6d 
and two 6s electrons to the xenon core Finally, in the 
platinum group, a set of 5d electrons is completed while in 
* See C J Gofter, Arch du TeyUr, 7, 183, 1932 
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TABLE II Electronic configuralioua of bhe elemente and masa auaoepfcibilities of 

■with the exception 
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most of these elements two 6s electrons are present These 
details are of importance in a study of the electric and magnetic 
properties of the elements and will be discussed later The 
mass susceptibilities are also given in the table 

The Splitting Factor We have seen that an electron 
describing an orbit has associated with it an orbital angular 
momentum I units and therefore a magnetic moment 
while to the electron spin must be apportioned an angular 
momentum of \ unit Now, if the spinning electron also 
possessed a corresponding magnetic moment we could at 
once write down the total magnetic moment of any atomic 



state for which the value of J was known, it would simply be 
equal to J/ijj However, it is conclusively proved by experi- 
ments on the Zeeman eifect, on the magnetic deflection of 
atomic beams and on the gyromagnetic efiect with para- 
magnetic substances, that, in general, the magnetic moment 
IS given by gjpj^, where ^ is a constant known as the Lande 
splitting factor It is found that the introduction of the factor is 
satisfactorily explained if we attribute a magnetic moment of 
2 X to the spinning electron, hence the splitting factor 
for the spinning electron is 2 Consequently, the ratio of the 
angular momentum of any electron system to its magnetic 

moment is equal to ^ — , instead of the simple value 2mje 
noted on p 18 
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The vector model is particularly helpful in a discussion of 
the g factor Referring to Fig 8 let the L and S vectors com- 
bme to form the resultant J, represented by OA Then J will 
process slowly about an apphed field Jf’ of ordinary intensity 
If the corresponding magnetic moments are represented by 
h and 2S magnetons, their resultant magnetic moment /iji 
may be represented by OA' Since the L and S momen- 
tum vectors process rapidly about OA, must also precess 
rapidly about OA, and thus give rise to a magnetic moment 
cos A OA ' along OA , while, on account of the rapid precession 
there will, on the average, be no component perpendicular to 
OA The atom thus behaves as if it had a magnetic moment 
Hn cos ^0,4' w'lth its axis along OA Hence, we have 

gj — cos AO A' 

= J + 8 cos AOB 

But in the AAOB, 

= J^+S^-2JScosAdB, 


therefore 


gj = 


2J 


+ J 


or 


— 1 + 5 >2 


( 22 ) 


Expression (22) for g does not, however, wholly explain the 
experimental results with the Zeeman eflect, and Land6 
introduced the emjuncal expression for g, viz 


, J(J+1) + S(S-|-1)-X(L-H) 

+ ^(TTT) 


(23) 


which is known as the Lands, splitting factor, and was given a 
theoretical basis in wave mechanics In general, we may say 
that the wave mechanics treatment requires that the vectors 
L, 8 and J be replaced by ■JL(L + 1), •J8{S+ 1) and >//(/ -I- 1) 
respectively An interesting point arises m connection with 
these substitutions, we ought, strictly speaking, to attribute 
a spin of ^JS(S+ 1) = + 1) = -Js/2 units and a magnetic 

moment of g V'S'(iS'-)- 1) = 2 \/3/2 = VJ magnetons to the 
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spinning electron It should be noted that, when the atomic 
system is exposed to an apphed field, the component of the 
magnetic moment parallel to the field is gMj and not 
g"jMj(Mj + \), where Mj = J, J— 1, , — {J— 1), —J 

It might appear from earlier considerations that the 
observed susceptibility would depend upon whether a strong 
or a weak field is used in the measurements, i e whether or 
not the Russell-Saunders coupling persists It can be shown 
that this IS not so, for, in the newer quantum mechanics there 
IS an important theorem, known as the Principle of Spectro- 
scopic Stability * which states that there is no change in the 
susceptibility as we pass from a strong to a weak field Indeed, 
the vector model tends to give an unwarranted defimteness to 
spatial quantisation which the latter does not possess in the 
newer theory The individual energy levels may, of course, 
be considerably altered by change in field strength, but in 
measuring the susceptibility we take a summation over all 
possible stationary states and this remains constant We shall 
return to this point on p 38 

The Zeeman Effect When a source of monochromatic 
hght IS placed in a strong magnetic field the spectroscopic 
appearance of the light depends both on the intensity of the 
field and on the direction in which the source is viewed For 
example, if a helium discharge tube is used as source the 
appearance of the yellow line in the absence of a magnetic 
field may be represented as in Fig 9a On exciting the field 
and looking along the lines of force towards the north seeking 
pole face of the electromagnet, the appearance is as shown in 
Fig 96 The singlet IS now replaced by a doublet whose com- 
ponents he on opposite sides of and separated from the original 
hne by equal frequency differences Av The two components 
are circularly polarised in opposite directions, the component 
of higher frequency being polarised in the same direction as 
the current is required to flow m a coil exciting the magnetic 
field Viewed perpendicularly to the lines of force the source 
gives the triplet of Fig 9 c, whose middle component coincides 

* J H Van Vleck, Electric and Magnetic SuscRptibihtiej, p 137, 1932 

34 



THE NOEMAL ZEEMAN EFFECT 


in position with the original hne and whose outer components 
coincide with those of the doublet All three components are 
plane polarised The middle component is polarised with 
the electric vector parallel to the magnetic field and is known 
as a w component, while the others are 
polarised with their electric vectors („) I 

perpendicular to the field and are ! 

known as o' components We speak '? 1 ■T ( jr j 

of the phenomena depicted in Fig 96, c (*) — 

as the normal longitvdirtal and normal I 

transverse, Zeeman effects respectively, , , | | | 

and the trijdet is called the normal ' tr tt o- 

Lorentz or Zeeman Irinlet, because in _ .“Z ns 

1897 Lorentz gave an explanation of 

its emission and the correct expression for the separation 
of its components on the basis of the classical electron theory 
The effect is quite small, for, a field of 1 0,000 oersteds produces 
a separation dA of the order of only 0 1 A , which may be 
contrasted with the 6 A separation of the Dj and Dj hnes of 
sodium 

Normal triplets, however, occur only in special cases, c g 
in lines of singlet scries, and, in general, the appearance of the 
transverse Zeeman pattern is much nioie complex, when it is 
termed anomalous There are two mam reasons why the 
transverse effect is always studied while the longitudinal effect 
IS often neglected Fust, it is impossible to excite a uniform 
field between the pierced pole-tips necessary for longitudinal 
observations, and, secondly, the transverse pattern gives more 
mformation, as it exhibits all possible components 

Two rules of great Bpectrosco]nc impoitance assist in the 
interpretation of Zeeman effects Preston’s rule states that 
hnes of the same spectra senes behave in the same manner m a 
magnetic field, and that corresponding lines of the same senes 
in different elements beha vein the same manner Thepretically, 
this means that the Zeeman effect is determined solely by the 
i, 8 and J values of electron states and not by the total 
quantum number n Range’s rule, which is geneially but not 
always true, states that the wave-number separation of any 
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Zeeman component from the onginal line is a simple multiple 
of the normal triplet sejiaration Hence, in practice, it is 
usual to compare observed separations with those of a known 
singlet under the same conditions m order to compute the 
Runge factors or multiples 

We have seen that monochromatic radiation is emitted 
when an electron moves fiom one stationary state to 
another Wj^ such that, in wave numbers, 

p = l(ir,-in) 

Now, when a weak magnetic held is ap])bcd the energy of each 
of these states is altered because of the Larnior piecession of 
J about tamce the atom in the state may then have 
a resultant magnetic moment parallel to 3^ , the 

magnetic energy associated with it is , where 

ilfj takes the values Hence, 

durmg an election tiansition from H^to Ihj we may also have 
changes m magnetic energy JW^— 'IW^, and, expressed in 
wave numbers, these correspond to licquenoy changes 

/ir = j^(dir,-zin;) 

= (M, g^ - y 4 to y ] 0-5 , (24) 

whn h satisfactorily account for the Zeeman i omponents 
It IS found experimentally that in any electron transition 
the magnetic quantum number changes only by AM = 0 or 
± 1 H ence, in the pai tii ulai case of a singlet so ui ce, for which 
= g^ = 1, wegetdr = (Oor ± 1) 4 6b x 10-5 or the normal 
Lorentz triplet We may take as a further example of the 
calculation of transveise Zeeman patterns those for the Dj 
and lines of sodium, introducing farst the pnlansation rules, 
deduced fiom cla,ssical as well as quantum theory, that 
AM = ±l gives rise to cr components and AM = 0 to tt com- 
ponents, in theJongitudinaldirectiondJl!/= + 1 gives circularly 
polarised coni]iononts and AM = 0 is forbidden In Fig 10a, b 
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are given the appropriate and values printed with 
equal values of M directly below or above each other The 
vertical arrows indicate the emission of n components (AM = 0) 
and the diagonals the emission of cr components Thus the Dj 
line gives two tt components with separations 1 /3 that of the 
normal triplet and four <t components with sepaiations 3/3 
and 5/3 The line gives two Ji components with separations 
2/3 and two a components with separations 4/3 The observed 
separations agree exactly with calculation and are depicted in 
Fig 10c 
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Fjfj 10 Anoni/i1nii*i Zoeraan effect 

The Paschen-B(ick Effect It was observed by Paschen and 
Back in 1013 that on the application of a sufficiently strong 
magnetic field a complex Zeeman pattern might be replaced 
by a triplet very similar to the Lorentz triplet This Paschen- 
Baok effect arises when the field is able to break down the L, S 
coupling, and, consequently, lines of narrow multiplet senes 
where this couphng is weak would be expected to show it beat 
In a very strong field the L and S vectors set independently, as 
described on p 23, L with components 
-(1-1), -fj, giving a resultant Mi = Emi^, and S with 
components = + l or giving a resultant Mg = Enig 
The quantity A ITj of the previous section now becomes 
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— 4- 2Jl!f^J Since the magnetic moment of a spimung 

electron is Hence, for an electron transition W^toWi 

we now have changes in magnetic energy giving nse to fre- 
quency differences, in wave numbers, 

Ai> = -^{AW^-AW^) 

= {{M^^ - MJ + 2iMs, - 

= {(M^^ - + 2(1/^, - M^,)} X 4 Cfi K 10-= JT (25) 

The expressions for AW^ and AW^ are, however, approxi- 
mate only, for, although the coupling between L and S is small 
compared with that between L and and between S a,ndJ^ 
when is very large, yet it is ceitainly not zero, and terms 
involving -ilfgj and should be added In fact, we 

may write 

Av = {{AMjJ + 2{AMs)}x‘t 66 x 10-=,^ A{Mj^Ms), 

where A is the fine structure constant which occurs in the 
expicssion for the eneigy of the magnetic interaction of the 
orbital and spin moiiienta, viz 

A *jLt{L -^r 1) ^^3(3 4- 1) cos {1j3) 

^iA[J{J+\)-L{L+l)-3{S+l)}, 

4 IS a constant for a given pair of values of L and 3, and can 
therefore be obtained from the overall multiplet separation in 
the absence of a held If now we assume that AMj^ = 0 or +1 
and AMg = 0, that tt components correspond to AM — 0 and 
(T components to AM^ = ± 1, then 

Av = (0, ± 1) X 4 66 X 10-=,5r-h4 A{Mj_Ms), 

which accounts for the exjicrimental facts so far obtained 
Since the field must be very intense if the above magnetic 
energy changes are to be large compared with the differences 
in energy responsible for the ordinary multiplet structure, only 
very close doublets can be expected to show the Paschen- 
Back effect in the laboratory Paschen and Back used a field 
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of 43.000 oersteds to cause the principal series doublet of 
hthium, whose separation is only 0 34 cm to give the normal 
triplet We should need much stronger fields than can be 
produced at present m order to observe the Paschen-Back 
effect with the Dj and Dj lines It has already been mentioned 
that the transition from the anomalous Zeeman to the Paschen- 
Back pattern is not accompanied by a change in magnetic 
susceptibility See Note 1 

The, Quantum Theory of Paramagnetism We have seen 
that, when an atomic system with given L, S and J is placed 
in a weak magnetic field ^ J precesses slowly about and 
gives a component of magnetic moment parallel toJf equal to 
M jq/ij), ■where Mj = J, J— I, , — (J— 1), ~J The mag- 
netic potential energy of the atom is therefore — M , 
and in a gas the number of atoms (or ions) witb a particular 
value of Mj will be proportional to assuming that 

Maxwell-Boltzmann law still holds Hence, if 1 gm atom 
containing N particles is placed in the field Jf, the total 
magnetic moment M will be along the lines of force, and 


= - 


Mj=T 

Mj^-J 


Mj^-r 


J 

Z Mr[\ + Mjgys3^lkT) 

Mj^-J 

Mj=J 

Z (i+Mjgy,g?flkT) 
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kT 
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whence 


Xm — 


3RT 


3RT 


(27) 


Thus by measurement of the atomic susoeptibihty we may 
obtain g-^J{J +l)/ig, which we may also write equal to 
Pet! /ig, where represents the effective magneton number of 
the atomic system 


The Magnetic Significance of Mnltiplet Widths In de- 
ducing equation (27) we have definitely assumed that every 
particle is in the same L, S, J state This may not he true, 
particularly if the j)article requires but a small quantity of 
energy in ordei to excite it to a higher energy state It is 
found convenient to distinguish between two cases, viz 
when the energy of tiansition between two states is respec- 
tively very large and very small compared with kT,ie when 
the multipleta are wide or narrow respectively Matliematic- 
ally, we denote these cases by hv(JJ')pkT and hv[J J')<^kT 
We may further distinguish between the two cases by the 
largeness or smallness of the Zeeman separation with respect 
to IT 

In the first ease, that of mde multiplets, hv{J J')'^kT, 
nearly all the [larticles must be in tbcir lowest state, because 
so much cneigy la required to laise them to higher states This 
IS what is found with many ions of the rare earth group 
Equation (27) for the magnetic susceptibility is then strictly 
accurate and the Curie law is obeyed 

In the second case, that of narrow multipleta, hv{J J')<^kT , 
the particles must exist in a variety of different energy states, 
and m the theoretical treatment it is reasonable to assume that 
the coupling of L and S is small compared with that of either 
L 01 8 with jT This is equivalent to the assumption that the 
atom or ion behaves as when in a strong field, so that the 
orbital and spin momenta are separately quantised, with 

f ~ L, 3 l = 

Mg = S, S-1. . -8, gs^2. 
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givmg for the magnetic moment of 1 gm atom, 

(/ Af^-r / 

/ Mi=-L 

j Ms-S / Mj=S 

\illj=_s ' Ms=-S 

so that, aa the exponentials are still small, 

= Niis{\L[L+ l)fLg3irilT^%S[S+l)i,s3flhT}, 

whence ^ l) + 4-S(S+ 1)} (28) 

or p,„ = ^LlL+\)^S(SJr\) (29) 

We see that the Curie law is again deduced, but the value of 
Pgfj IB different from that in the case of wide multiplets It is 
found that a modified form of equation (28) represents the 
magnetic behaviour of ions of elements of the iron group 
It should be noted that the difference in the expressions for 
Xm for the two cases docs not depend upon whether a weak oi 
a strong field is used in the measurements It aiises because 
in the case of narrow multiplets all the particles die not in the 
same state inespective of the field As T falls the value of kT 
changes and hv(JJ') may become comparable with it Special 
calculations, taking into account peculiarities of the model, 
are then necessary, these aie instanced by Van Vleck’s* work 
on nitric oxide When hv(J J’) is coiiiparable with kT , as in 
the cases of Sm*'*+ and Eu+++, the calculations are very 
difficult, f the Curie law is not obeyed in such cases, and it 
also becomes necessary to take account of the temperature- 
independent paramagnetism contribution which a rigorous 
wave mechanics treatment shons to be present 

Saturation Phenomena We have so far assumed that the 
field and the absolute temperature T are such that 
a = Jg/igJ^jkT We must now consider the case when 
a IS not small compared with 1, when, writing 
X = g/ijfJflkT, 

• J H Van Vleck, fiiecinc arid Magnetic i^uscEpUbUities, p 209, 1932 
t Ibid p 245 
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equation (26) becomes 
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The expression on the right side of equation (30) is known as 
the Bnllouin function 

There are two cases of sfieeial inteieat, viz when J = ^ and 
when J CO When J = I equation (30) reduces to 

Jtlfi = taiiha = G — + — a’ + (31) 

When J -> 00 equation (30) gives, in the limit. 


Hl[i = cotha— 1/a = L(a) 

It IS found that equation (30) expresses very satisfactorily the 
results obtained by Woltjer and Kamerhngh Onnes on the 
susceptibility of hydrated gadohnium sulphate, Gd 2 (S 04)3 
SHjO at liquid helium temperatures Here, with very high 
fields applied at very low temperatures we get the phenomenon 
of paramagnetic saturation 


Paramagnetism Independent of Temperature It has already 
been mentioned on p 41 that a rigorous wave mechames 
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treatment shows that to the expression for magnetic suscepti- 
bility deduced with the vector model of the atom a constant 
term, due to what is called a non-diagonal element m the 
vector matrix, must be added This term may be somewhat 
inadequately pictured as arising from the different rates at 
which L and S process about J For, if the coupling between 
L and S is not infinitely great, irregularities m the precession 
about J must set in when a magnetic field is applied, resultmg 
in a component of magnetisation parallel to and proportional 
to Referring to Fig 8 we may suppose that processes 
regularly around J m the absence of a fl.eld, but when J is itself 
caused to preceas about a field the precession of /ijj is no 
longer symmetrical and a .small increment in magnetisation 
parallel to Jf” is produced Since this increase for a given 
L, S, J state is independent of the temperature, we have an 
example of paramagnetism independent of the tempeiature 
Its contribution to the atomic magnetisation is generally 
negligible, but with rise m temperature, it becomes relatively 
more important because the normal paiamagnetism is de- 
creasing, and it IS not negligible when the L and S couphng is 
very weak, aslnthecaseofEu+^+ Van Vleck* has shown that 
it should he particularly important in the middle of a period, 
where L and S are antiparallel, making the coupling between 
successive energy levels very great It is observed with strongly 
coloured ions with ^Sq terms, such as the permanganate ion, 
and the ions of the yellow cobaltamines 

The Stark Effect We shall see later that the effects of the 
internal electric fields or crystalhne fields in solids are very 
important m magnetic theory, and we must now discuss the 
effect of an applied electric field upon an atomic system We 
find that if we take an electric field m a given direction, the 
orbital motion of each electron is affected while the spin is not 
In a weak field the L, S coupling is unaffected and the L and S 
vectors precess about the resultant J , the latter then precesses 
about the direction of the electric field as axis with 2 J -I- 1 
discrete settings such that the projection Mj along the field 
• J H Van Vleck, Phya Rev 31, 687, 192S 
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iBgi'veahy Mj = J,J —I, However, as the 

same energy is now associated with equal and opposite values 
of Mj we obtam only J + J or J + 1 energy states instead of the 
2J + 1 associated with an apphed magnetic field Hence we 
get a splitting of the lines emitted by the atomic system, known 
as the Stark effect 

In an electric field sufficiently strong to break down the 
L, S couphng, only the L vector processes about the field, 
giving a projection upon it, where Mj^ = L, L — \, , — L 

Again, the energy is the same for equal and opposite values of 
3 / 2 , Now, while the spin is unaffected by the electric field, 
S must precess about the magnetic field associated with L, 
and so must jirecess about the field, hence we get a projection 
Mfj along the field, where Mg = S, S—\, ,—S 

The Magnetic Fmperties uj Free Molecules Attention has 
so far been confined to electron states in single atoms and ions, 
and we must now consider the electron lev els in free molecules, 
because of their importance in connection witli the magnetic 
properties of the diatomic gases oxygen and nitric oxide 
Now, whereas the electric field iti an atom may be assumed 
sjihcTically symmctriOcvl, the field in a non-rotatmg diatomic 
molecule is symmetrical about an axis joining the two nuclei, 
and to a first approximation may be ticatcd ns a strong axial 
field superimposed uiion the spheiical held which would losult 
if the two nuclei coalesced to foim the single coie of an 
“united atom” Hence, the election states of the molecule 
are similar to those of an atom in a strong electiic field, 
described above 

It IS sometimes helpful to compare the electron sub-groups 
in a molecule with those m an atom possessing an equal number 
and same type of valency electrons Thus we may compare 
NO and A1 as follows 

NO (lBcr)2 (2po-)2 (2scr)2 (.3pa-)2 (3dir)2 {2j)7t)* (Sdir), 

A1 ls2 2s2 2p'> 3s- 3p, 

In such statements the symbols cr, n, S, indicate that A, 
the lesolved angular momentum of the individual electron 
along the nuclear axis, is 0, 1, 2, 
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In the case of a molecule the symbols A, E and Q are used 
to denote the values of Mj^, Mg and their resultant projection 
M corresponding to a given multiplet level Thus 

A = Ml = 0,\,2, ,L, E=Ms = S,S-l, ,-S, 

and D = M = A + E = A-t-S, A + S— 1, ,A — S 

The energy states in the molecule are accordingly characterised 
by the values of A and S States with A = 0, 1, 2, 3, are 
termed E, IT, A, 0, , corresponding to atomic S, P, D, F, 

states, states with iSf = 0, 1, are smglet, doublet, triplet, 

states, while A + E corresponds to Mj in the atomic case 
The energy state of a molecule is specified by (Con- 

fusion between the general symbol E and the symbol E repre- 
senting the value iS = 0 must be avoided ) 



Fig 11 Vector model of the molecule 

We must now consider what happens when the molecule is 
no longer fixed, but rotates about an axis perpendicular to 
the line of nuclei witli a nuclear angular momentum specified 
by a quantum number N A magnetic field then exists parallel 
to the axis of rotation, i e to the vector representing N and 
an outei electron in the molecule is exposed to a resultant 
magnetic field due to L and to N, as well as to the electiie field 
Hence, the angular monicntura of the pair of nuclei and that 
of the orbital and spin motions interact magnetically, and of 
the ways in which these angular momenta may be coupled, 
two, designated case (a) and case(6)byHund, are of importance 
m magnetic theory 

In case (a) the coupling between E and A is much stronger 
than that between S and N and the resultant D = \A+E\ 
compounds vectoiially with N to form a resultant J, with 
\IJ{J -|- l)h/ 27 T units of angular momentum, about which the 
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veotoTB N and Q precess, as shown in Fig 1 1 a J takes the 
values Q, Q+1, Q + 2, , and for each of the 25+1 values 

off? there la a aet of rotational energy sub -levels denoted by 
a set of J values beginning with the lowest value of J = i? 
From the figure it follows that = J(J + 1) —iP 

In case (6) the couphng between S and A is small compared 
vith the effects of molecular rotation and H disappears A and 
N interact to form a resultant K vector, with values A, A + 1, 
A + 2, Now, the magnetic field parallel to K causes the K 
and S vectors to form a resultant J in a fixed direction about 
which they precess, as shown in Fig Hi, and J takes the 
25+1 values, |-K’+5|, |A' + 5| — 1, , jA’’— 5|, and we 

have, in general, 25 + 1 component rotational levels difienng 
in J values for eac h value of K 

Van Vleck* has cahulated the magnetic auscejitibihty for 
a diatomic molecule with multiplet inteivals small compaied 
with hT, and finds that, both for case (a) and case (h), 

Xm = = S* mS+l) + A‘] 


+ a small correction for diamagnetism and for para- 
magnetism independent of the temperature (32) 


Wlien, however, the multijilet interval is large compared to 
kT, when case (a) generally obtains, the susceptibility is 
given by 


Xm ■■ 


m/4 

3RT 


(A + 2Ef 


(33) 


since E now takes only that value which gives the lowest 
energy, and the component of the magnetic moment along 
the nuclear axis takes the place of // in equation ( 1 1 ) of p 16 
Now, the oxygen molecule normally exists in a ^27 state 
(the subscript 0 is usually omitted), while most other diatomic 
gas molecules exist in a diamagnetic state Hence, on 
substituting 5=1 and /I = 0 in equation (32), we get 

_ 3m/4 _ 0 093 
~ 3RT ~ ^T~ 


* J H Van Vleik, Electric and Magnetic Sv^ceptibihUes, p 265, 1934 
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This gives an effective magneton number of 2 83 and agrees 
with the experimental result that the ausceptibihty follows 
the Curie law, the calculated value of Xm 20° C being 
3390 X 10“®, while the experimental value is about 3420 x 10“® 
c g s units per gm mol 

The nitric oxide molecule normally exists m a state at 
low temperatures and m a ^ITf state at high temperatures, the 
relevant multiplet width being 120 9 cm and, therefore, 
comparable with kT at low values of T The effective magneton 
number at high temperatures, obtained by substituting 
S = ^ and /I = 1 in equation (32), is 2, while that for very low 
temperatures obtained by substituting 27 = — J and yl = 1 m 
equation (33) would be zero Hence, nitric oxide does not 
follow the Curie law V an Vleck has deduced an expression for 
the molar susceptibility at intermediate temperatures which 
gives very satisfaotory agreement with experiment from room 
temperature to that of the liquefied gas See Note 2 

Magnetic Properties of Matter m Bulk The calculation of 
susceptibility has hitherto been baaed ujion the conception 
of a paramagnetic gas m which all the particles are umn- 
fluenced by the electric or magnetic fields of their neighbours 
The purely magnetic forces between neighbouring atoms are 
indeed very small and may be neglected, but the phenomenon 
of ferromagnetism, which is now attributed to an interchange 
interaction between electron spins, shows that in solids the 
orbital momenta may be quenched and only the spins left 
free This is a state of affairs common to most salts of the iron 
group Van Vlcck has shown that if stiong asymmetrical 
electrostatic fields acted mside these salts, they could quench 
the orbital momenta of the 3d electrons, even if they were too 
weak to change the Russell-Saunders coupling of the atom 
appreciably, as long as they were strong enough to change the 
spatial quantisation of the atoms By quenching of the orbital 
momenta, we mean that on the application of an external field 
the orbital momenta remain fixed under the influence of the 
internal field and do not orientate woth resjiect to the external 
one The spin momenta are not affected by internal (electro- 
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static) fields, except those of the exchange interaction type 
between paramagnetic atoms or ions which give rise to 
ferromagnetism as described on p 239 We should therefore 
expect equation (29) to be replaced by 

= V4^(S+1) (34) 

wlien the orbital moments are completely quenched Hence, 
in the general case, vthere quenching is incomplete, the value 
ofyg,[ShouldhBbetweenV4A’(j9+ 1) and 'JL(L+ 1) + iS{S + 1) 
This quenching does not occur in salts of the rare earths, 
because the 4/ electrons, which deteimine their magnetic 
properties, are deep-seated within the atom and are practically 
unaffected by neighbouring atoms, a statement which is 
supported by the sharpness of the absorption lines in rare 
eaith salts On the whole, very little effect of concentration 
upon the molar suscejitibihties of salts m the crystalline state 
or m solution in different solvents is found, although in the 
latter case electrostatic fields depending on the dipole con- 
stitution of the solvent are present This is undoubtedly 
because the orbital momenta are completely quenched and 
not merely altered in some indeterminate manner 

In the case of diamagnetic salts Hoare and Brindley* have 
examined the experimental data and find that values of the 
molar susceptibility calculated from measurements with 
solutions differ from the values obtained for the same salts in 
the crystalline state They find a definite effect of the ions 
upon the susceptibilitv of the surrounding water molecules, 
and consider that small univalent ions and all bivalent ions 
have hinalloi molar susceptibilities m solution than in 
cryatallnie foim because of the high electric fields at the 
boundaries of the ions Large univalent ions have larger molar 
suBGe](tibilities in solution than in crystalline form, mainly 
owing to the i hange in the number of water molecules attached 
to each ion As one would expect, the molar susceptibilities of 
hydrated sails are more nearly equal to the values obtained 
with solutions than with anhydrous salts 


* F E Tloiire B.ncl G AV Unnilhy, Phya Soc Proc 49, 619, 1937 

48 



INTERNAL CRYSTALLINE FIELDS 

The theoretical treatment of the effects of crystalline fields 
IS very difficult, and, as we shall see later, more experimental 
data for single crystals at different temperatures are desirable 
m order to assist the development of the theory, a summary of 
recent work has been given by Schlapp and Penney * If it is 
supposed that an internal electric field acta upon an atomic 
system, then a kind of Stark effect takes place and the field 
causes a spbtting of the atomic levels Now, if in the absence of 
an electric field a large number of atoms are aU in a particular 
J energy state and a magnetic field is applied to them, then 
2J + 1 energy states are estabhslied and the average magnetic 
susceptibility is determined by the distribution of the atoms 
in the several states In the jiresence of an asymmetrical 
internal electric field strong enough to split the energy level, or 
remove the degeneracy of the level, the level splits mto 2,7 + 1 
states The separation of these states naturally depends on 
the magnitude of the internal field, and the latter may be 
considered strong or weak according as the sphtting is large 
or small compared with the multiplct separation There thus 
results a redistribution of the magnetic moment which may 
markedly affect the temperature variation of the susoeptibihty, 
especially at low temperatures 

The symmetry type of the internal field is of great import- 
ance, and, of course, it need not necessarily have the symmetry 
of the crystal Excellent agreement between experiment and 
theory has been obtained in the case of the by dz ated sulphates 
of Pr and Nd on the assumption that the crystal field has cubic 
symmetry and can be represented by a potential of the form 
I){x* + y* + z*) Fields of a monoclimc or trichnic character 
may be obtained by superimposing cubic and rhombic fields 
with different axes, and other fields may similarly be built up 
The magnetic behaviour of Ni+''- and Co++ in hydrated 
sulphates has satisfactorily been explained by a crystalline 
field of rhombic symmetry but with the departures from cubic 
symmetry relatively small 

The clearest indication that internal crystalline fields play 
a part in susceptibihty values is given when the Curie law, 

• R Schlapp aad W G Penney, Bep m Progresa in Physics, 2, 00, 1035 
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Xia = CjT, IS not obeyed, and is replaced by the Cune-Weiss 
law, Xm — CjT — 0 The latter is deduced on p 234 for the 
special case of a ferromagnetic substance at high temperatures, 
and 6 is there shown to be a parameter which is a direct 
measure of the intensity of the mtemal field, and, by analogy, 
we always attach this significance to 0 whenever a Cune- 
Weiss law IS found In practice 6 takes negative as weU as 
positive values for different materials, so that it is presumed 
that internal fields may on occasion cause spins to set anti- 
parallel and reduce the susceptibility It is perhaps well to 
point out that the determination of 0 is not always easy, since 
allowances have to be made for diamagnetism and tempera- 
ture-constant paramagnetism which are important when 6 is 
very large See ( liapter xm 

Magnetic Properties of Free Electrons It is clear that, in 
the case of a normal (non -ferromagnetic) metal, the atoms may 
be treated as diamagnetic cores while the valency electrons 
outside the cores may be treated as free or conduction electrons 
In a way, then, the orbital momenta of the atoms are reduced 
to zero, and, apart from the diamagnetic cores, the properties 
of the metal are decided by the spin of the conduction electrons 
The latter obey the Fermi-Dirac statistics, and when a 
magnetic field is applied can only set parallel or antiparallel to 
the field Now, when a spin sets parallel to the field the energy 
is decreased, so that more electrons tend to set with parallel 
than with antiparallel spin, and the former must accoidmgly 
occupy higher quantum states, the energy being obtained 
from the field In this way we get another type of temperature- 
constant paramagnetism, because the Fermi-Dirac distribu- 
tion IS so httle affected by change in temperature 

At the same time, however, the free electrons exhibit a 
temperature-constant diamagnetism The effect of a magnetic 
field upon moving electrons is of course merely to cause them 
to move in spiral paths, and on classical theory there is no 
change of energy except that already described m connection 
with the spm, and hence there is no diamagnetism On the 
quantum theory, the projections of the spiral paths upon a 
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plane perpendicular to the lines of force represent circular 
periodic motions which must satisfy quantum conditions 
These result in the electron changing its energy when the field 
IS excited As the energy mcreases, a diamagnetic effect is 
produced, and it can be shown that this is almost exactly one- 
third the paramagnetic effect just described, provided that 
4 kT 

Stoner* has shown that for ordinary temperatures, where 
fo > hT, the respective paramagnetic and diamagnetic 
susceptibilities per electron, Xp a^nd Xd> gi'^en by 



where ^^is the maximum electron energy at absolute zeio and is 

}ii / 3^ \J 

equal to — I — r; I , N being the number of free electrons in a 
^ 2m\S7rK/ 

volume V The resultant paramagnetism, obtained by adding 
(35) and (36), is practically independent of the temperature as 
the term in is so small Now, Sucksmithf found that the 
alkali metals show an increase m paramagnetic susceptibility 
with rise in tempeiature This Stoner attributes to a change 
in brought about by thermal expansion, an explanation 
which also appears to hold for the observed decrease of the 
diamagnetic suscejitibility of mercuryf with rise m tempera- 
ture 

The Quantum Theory of Diamagnetism On the Bohr theory 
the value of to be inserted in tlie Langevin expression for the 
diamagnetic susceptibility of a hydrogen-like atom is 

which gives = — 0 79 x 10^® — (’w^'-fi^), (37) 

* E C Stonor, Koi/ Sac Prar A, 152. 672, 1D15 
t W Hutkamith, PhU Mag 2, 21, 192fi 

J L F Bates and C J W Baker, Phya Soc Proc 50, 409, 19^8 

4 2 
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Oq, the radius of an hydrogen atom in its normal state, being 
0 628 X 10-" cm The more exact theory of Van VTeck leplacea 
this expression by 


Xa 


= - 0 79x 10-« 





^ 2 J 


(38) 


Now, we cannot expect to test this result by experiments on 
isolated atoms, since each hydrogen atom in a •“Sj state possesses 
a permanent magnetic moment of which completely 
swamps its diamagnetism However, it is inteicstmg to note 
that the value of y,, for molecular hydrogen is ^ 4 00 x 10“®, 
while from (38) we have 


y,, = 2y ,, = 2f-0 79x 10-“{5 + 0+ ill = -4-74x 10 

which is in satisfactory agrceinent with expcninont, while the 
value 

Xm = 2[-0 79 X 10-“ = -1 Ox 10-“ 

from (37) is not 

Equation (38) may be extended to atoms with many 
electrons tf wo use appropriate acreening constants to allow 
for the shielding of the nuclear charge by tlic electrons in the 
various rings or levels Then, following Pauling,* the contri- 
bution of an individual electron in a more comjilicated atom 
to the atomic susceptibility may he written 


Xn.i= -0 79x 10- 


r I'J 

( 2 ’ 


3/(1+ 1) + ] 


(39) 


where the value of the screening constant cr i,s approximately 
calculated for the electrons in each sub-giouj) On substituting 
the appropriate values of enn (39) wc may calculate y^ =iy,,,, 
but the method, although useful, is not very precise 

Stonerf has successfully applied the results of the Hartree 
self -consistent field calculations to the evaluation of 277^ The 
Hartree method consists in substituting a trial value of the 
electric field, based on an assumed electron density m the 


* L Pauling, Roy Soc Proc A, 114, 18J, 1027 
t E C ytoner, Magnetism and Matter, p 2^9, 1934 
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atom, in the Sohrodinger equation From the solutions to this 
equation for the several electrons the field may be calculated, 
this IS compared with the trial value previously assumed, and 
if the two agree, or are self-consistent, then the assumed value 
and electron density may be taken as correct With much 
labour the electronic distributions have been found for a 
number of atoms, and Stoner uses the following expression 

= - 2 83 X 10-“ 


where dN/dr is the charge m electron units in a spherical shell 
of umt thickness aiound the nucleus, the integral may be 
evaluated numerically or graphically Thus, Stoner gives 
Xa — ~ ^ ^ 10“® for helium, while the experimental value 

IS — 1 906 X 10“® (Havens) * 

On the basis of approximate wave functions Slater, | Angus]: 
and others have given the useful working expression 


- - 0 79x 10-«V 


(a')Mn' j^) (w ' + l) 
" (Z-o-y 


( 41 ) 


whore n' is a computed fjfcdiie quantum number and (Z — cr) 
the effective nuclear c barge It is arranged that n' and cr have 
values whu'h give satisfadory agreement between calculated 
and experimental values of the energy levels, and the following 
n' replace the corresjionding n values 


71 1 2 3 4 5 6 

n' 1 2 3 37 40 42 


Fundamtnlal Atomic Constants The values of the funda- 
mental atomic constants have recently been subjected § to 
much critical examination and it appears that the most ac- 
ceptable values are those given below, where the + terms are 
estimates of reasonable limits of eiror and not jirobable errors 

* G Havens, Fhys Ilei, 43, 1913 

t J C Sliter, Phys liev 36, 'j? lUJd 
j W R Angus Hoy Soc Proc A, 136, 569, 1912 

^ S vonFricgscri Hoy Soc Pror A 160,424, 1937, R T Birge, Amer Journ 
Phys 13, 71, 1U4j, and Hep on Frogte'is in Physics, 8, 90, 1942 
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Specific charge of the electron 
Electronic charge 
Planck’s constant 
Avogadro’s number 
Mass of the hydrogen atom 


1 7592 + 0 0005 x 10’ e m u /gm 
4 8025 + 0 0010 X 10-i“e a u 
6 624 + 0 002 X 10“^’ erg sec 
6 0228 + 0 0011 X 10^^ mole~^. 

1 673 ±0 003 X 10-21 gm 


From these data the value of the Bohr magneton is 5586 c g s 
units per gm atom Now, most books of reference give values 
around 5563 and 5565 As the differences between the most 
recent and the older values are small, the value 5565 will be 
retained in the following chapters in order to facilitate com- 
parison with other works 
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CHAPTER II 


THE PRODUCTION AND MEASUREMENT 
OF MAGNETIC FIELDS 

Th& Solenoid While a solenoid is extremely valuable for 
producing uniform fields it is seldom used for the production 
of fields greater than 1000 oersteds In determinations* of the 
ratio e/m from measurements of the Zeeman effect a solenoid 
80 cm long wound with 18 layers of No 4 square, cotton- 
covered, copper wire was used The successive layers were 
separated hy fibre spacers and cooled oil circulated between 
them With a current of 200 amperes at 270 volts a field of 
7300 oersteds was continuously maintained over a 6 cm 
length along the axis occupied by a source of light The field of 
this main solenoid was calibrated by placing inside it a standard 
solenoid carrying a current and mounting a search coil m 
the middle of both solenoids When the two fields were m 
opposition and suitably adjusted there was no deflection of 
a galvanometer in senes with the search coil when the latter 
was rotated The required field per unit current was then 
where I was the current in the mam solenoid and ^ 
the field produced per unit current in the standard See Note 3 
Gerloff and Lowef have desenbed the construction of 
solenoids for producing large uniform fields, and KunzeJ in a 
study of cosmic ray tracks produced a field of 18,000 oeisteds 
over the region occupied by a Wilson chamber, with a coil 
carrying a current of 1000 amperes at 500 volts On account of 
the large heating effects the current could be maintained for 
about 50 sec only, after which the coil required a day in which 
to cool The stray field is considerable and loose pieces of iron 
can be sent hurtling through the air when the current la 
switched on 

* J S Campbell and W V Houston, R&v 39, 601, 1932, L E Kmaler 
and W V Houston, Fhys Rev 45, 104, 1934 
f G Gerloff and E Lowe, ZeU fw Phys 98, 559, 1936 
t P Kiinze, Zeit fur Phys 79. 203, 1932, SO, 559, 1933 
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The Properhes of FeTTomagnetics Ballistic Investigations, 
For the production of fields greater than 1000 oersteds 
ferromagnetic materials in the form of permanent or electro- 
magnets are normally used, and we must now discuss the 
special magnetic properties of these materials These are most 
satisfactorily examined when the material can be obtained in 
the form of an anchor ring of fairly large diameter and moderate 
area of cross-section a. A jinmary coil of iV turns wound 
uniformly upon the whole ring and carrying a current i e m 
umts produces a magnetic field ivNijlnR = ‘IBijlt, which 


Large 



may be regarded as uniform if R is sufficiently large Any 
uhcertainty due to lack of uniformity of the field over the 
cross-section is far outweighed by the absence of demagnetisa- 
tion effects, since there are no free poles 

Referring to Fig 12, the primary winding P is joined in 
senes with a set of fixed resistances Q, an ammeter, adjustable 
resistance and commutator Each of the resistances in Q is 
provided with a separate switch which aUows it to be short- 
circuited, these resistances are previously chosen by tnal and 
decrease m magnitude from numbers I to 8 On the ring is 
further wound a secondary coil iS of ra turns, which need not be 
uniformly spaced S is permanently joined in senes with the 
secondary coil of a standard mutual inductance and a sensitive 
ballistic galvanometer, preferably of the moving magnet type. 
The primary of the mutual inductance is connected to a 
battery, ammeter, rheostat and commutator as shown 
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BALLISTIC INVESTIGATIONS WITH PE BRO M AG NB TI C S 


Let US suppose that we start with the specimen in the virgin 
or completely unmagnetiaed state, previously brought about 
by heating the specimen to a high tempeiatuie, or, more 
conveniently, by exposing it to an alternating field of slowly 
diminishing intensity, e g by graduallyreducing an alternating 
current supjihed to the coil P Then, on closing the switch K a 
small current e m units flows in the coil P, and a ballistic 
deflection 0„ is recorded by the galvanometer This defleitioii 
corresponds to a change nctdBf, in the number of lines of induc- 
tion linked with the secondary coil S A small correetion, due 
to the fact that the primary winding is not infinitely thin and 
therefore some additional hnes of force are collected by S, is 
usually disregarded The deflection 0„ is later calibrated by 
finding the current whose reversal in the primary of the 
mutual inductance would produce the same deflection, then 
2MI„ = nadE„ We may therefore consider that each galvano- 
meter deflection corresponds to a known change in the induc- 
tion of the specimen 

On closing the switch 1 , the largest of the resistances in Q is 
shortcircuited, a further increment of current ij jiasses through 
the primary and a galvanometer deflecriun 0^ indicates a 
further increment of induction dBj Troceeding in this way 
we may successively close the switches 2, 3, ,8 and measure 

the corresponding increments of current and induction Then, 

2Ni 

writing I = Zid -t- -I- , , and B = £dBg + dB^+ , 

M 


we may tabulate a senes of values of i and £ and plot a giaph 
of B against as m Fig 13, when the 
procedure so far described gives the 
initial portion Oa of the curve The 
upper portion of Oa should, generally, 
run almost parallel to the JF' axis, the 
material is then said to he saturated 
(in a techmcal, as distinct from a theo- 
retical sense) It is found that the purer 
the metal the higher is the value of 


h 


rjo 

1 ,*• 


/ 

d 



Fig 13 B, ^ curve 
slope of the tangent to the curve at O gives the initial per- 


-®max> saturation induction The 


67 



PRODUCTION OF MAGNETIC FIELDS 

meability, wliile the steepest slope of Oa gives the maximum 
permeability f^ie initial susceptibility for very weak fields 
obeys a law of the form ]L = a + b3^ , known as the Rayleigh 
law 

On reopening the switches in the order 8, 7, ,1, and, 

finally, reopening K, the portion ab of the graph is obtained, 
the values of B being obtained by subtracting the measured 
changes from the value at a The specimen is now no longer 
exposed to a magnetic field, but it still retains a considerable 
intensity of magnetisation, equal to Ob jin, which is termed the 
retentivity of the material and is a measure of the ability to 
retain magnetism when not subjected to adverse treatment Some 
authorities, e g Ewing, term the residual induction Ob the 
retentiveness 

The commutator Cy is now changed over so that the 
magnetic field will be reversed and the key K and the switches 
1, , 8 closed in order In this way, data for the portion bed 

of the graph aie obtamed, the successive values of B being 
obtained by subtraction of the changes in induction from the 
value at b The graph cuts the axis at the point c, which 
means that when a demagnetising field Oc is ap])lied the 
specimen loses the magnetisation previously acquired in the 
field at the point a We speak of Oc as the coercivity, and it 
measures the ability to retain magnetism in spite of adverse 
tieatment, the force which would acton a unit pole placed in the 
field Oc IS known as the coercive force 

The portion de of the giajih may be obtained by reopemng 
the switches 8, ,1m order and reopening K , and, on further 

reversing the commutator Cj, closing K and the switches 
1, , 8 in order, the portion ea may be found It is found that 

the magnetisation always lags behind the applied field, a 
phenomenon which is teiined hysteiesis, the complete curve 
abedea being a hysteresis cycle The curve should be symmetrical 
about 0, although to leach this state it may be necessary to 
take the ring through about a dozen complete cycles before 
starting to obtain readings from the point a, when the material 
is said to be in a cyclic state 

The area enclosed by the curve abedea is a measure of the 
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energy wasted in taking unit volume of the material through a 
complete cycle Following the procedure on p 8 we see that 
the work done m establishing a current i in the primary P is 


/■<. r~-i 2N 

I Lidi = I — (ftacN) idi, 

J 1. J ii 


J 1 


*■ , Xa. f'- 2N't /2Nft , \ 

^TT RcL C ^ 

J dB for a volume 2nRa., 


Atj 

1 r-*". 


471 


J^dB per unit volume, 


= j ^dl per unit volume, 

J If, 

as the limits of integration are the same 


Magnetometer Investigations When the specimen cannot 
be obtained m the form of a sohd anchor ring, it is sometimes 
possible to use a comfiosite ring or fiame of stampings or a core 
of metal tape closely wound to give a ring of rectangular 
section, with which ballistic measurements may be made, it 
IS necessary, of course, to know the effective cross-section and 
volume of the metal in the ring If, however, the material can 
be obtained only m the form of rods or bars, at least two other 
methods of investigation aie possible 

The specimen may be placed inside a solenoid — prefeiably 
with its axis vertical — which is apjireciably longer than the 
specimen, and the magnetic moment induced by the action of 
a senes of ajiphed fields may be measured with a mirror 
magnetometer Two difficulties arise, first, free poles are set 
up at the ends of the specimen and produce demagnetising 
effects which must be taken into account, and secondly, there 
IS much uncertainty as to the exact location of these poles 
Further, elementary considerations show that the intensity 
of magnetisation is greatest at the middle of the rod Conse- 
quently, if an induction helix were wound upon the middle 
portion of the rod and connected to a balhstic galvanometer. 
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we might measure by the ballistic method changes in induction, 
but they would be greater than the average over the whole rod 
Eeferring to Pig 14a, it is advisable to place the specimen 
vertical and to raise or lower it until the pole at one end is level 
with the magnetometer needle M Then, if the intensity of 
magnetisation is I and the horizontal component of the earth’s 
held //, the magnetometer deflection 0 is given by 



Fig 14 a Magnetometer method for /, curve 
Fig 14 b Correction of I, curve 


(42) 


Hence, I la known and the applied field M’ is known from the 
solenoid current and constant In this case an accurate 
knowledge of rfj is much more important than an accurate 
knowledge of dj The coil C is a compensating coil to neutralise 
the effect of the solenoid ujion the magnetometer A coil 
wound upon the solenoid and supplied with current from a 
separate battery, not shown in the figuie, is used to neutralise 
the vertical component of the earth s magnetic field, this is 
imperative when alloys of high initial permeability aie being 
used From equation (42) it follows that H must be accurately 
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THE DEMAGNETISATION FACTOR 

known This, however, may be avoided by using a null method 
described by Bates,* or by passing a known current through 
the coil O or a similar coil and noting the deflection 0' of the 
magnetometer produced by the known field of the coil The 
apjilied field may be varied continuously by the sliding rheostat 
a, which is often aupjilemented with an electrolytic resistance 
for fine, continuous adjustment 

The free poles at the ends produce a demagnetising effect 
which IS assumed equal to />/, where Z) is a constant known as 
the demngnetisatioji factor Unfortunately, we can calculate D 
with accuracy only in the case of an ellipsoidal specimen jilaced 
with its long axis parallel to the field, for an ellipsoid of 
levolution Maxwell found 



where the semi-axes arc a = 6 = Vl — c Using this result the 
values of D corresponding to a senes of values of c/a may be 
calculated In the case of a long rod of narrow cross-section 
the ratio of the length to the diameter of the rod may be taken 
equal to the ratio c/a A senes of values of D for ellipsoids and 
rods are gi% eii m Table III 

Hence, if we plot the values of I found experimentally and 
using equation (42) against the corresponding values of 2^ 
calculated from the solenoid current, we obtain a curve like 
(lalir of Fig 146 Now, on account of the demagnetisation the 
plotted values of are too laige, and each must be decreased 
by an approjiriate quantity T)I This may be done by drawing 
the line = I>I Considering the point P, the effective field 
producing the magnetisation OP" is not P”P but 

p.p_p'’p' ^ p.p 

We see, then, that the curve Oabc is sheared with respect to the 
I axis, and should be collected by plotting values of OP" 
against the corresponding values of P'P Nowq the angle 
P"OP' IS clearly the greater the shorter and thicker the 

• L F Batos, Joum Sci Ijistr 8, TTfi, 1931 
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specimen When the specimen is very short and thick the 
magnetisation it may acquire is limited, for the demagnetising 
field balances the applied field over a wide range of values of 
the latter, and we then have I = Ji!’ jD irrespective of the true 
value of the imtia] permeability of the material 

The magnetometer method has special advantages when we 
wish to measure the permeability under different physical con- 
ditions, e g under toisional or othei stress, and when time 
effects are under investigation It is, of course, possible to wind 
an mduction helix upon a rod specimen and to measure the 
induction ballistically, but in this case the demagnetisation 
factor IS slightly less than that appropriate to the magneto- 
meter method, because the induction helix is wound m a 
region where the effect of the free poles is a minimum It is 
found that the demagnetisation factor is constant only below 
B = 10,000 in the case of iron A method of estimating the 
value of D for a very short specimen is described on p 260 


TAOLE III VALUES OF D 


Kates c(a 
or lid 

Ellipsoids 

(calculated) 

Kod 

Magnetometer* 

measurements 

Ballistn-t 

measurements 

BalljflbicJ 

measurements 

20 

0 0940 

0 0098 

0 0G72 

0 0676 

25 

0 0587 

0 0628 

0 04G4 

0 0476 

30 

0 0432 

0 04GO 

0 0344 

0 0364 

40 

0 0260 

0 0274 

0 0211 

0 0223 

60 

0 0181 

0 0183 

0 0144 

0 0153 

100 

0 0054 

— 

— 

— 

200 

0 0016 

— 

— 



400 

0 0004 

— 

— 

— 


• Mann’s lueaBuremente quoted by J Wurschmidt, Zc.it Jiir Phys 19 , 388, 
1923 

I C L B Shuddemagen, Phy^ Rev 31 , 165, 1910, d = 0 6 to 2 0 cm The 
factors for d = 0 36 cm are some 10 per cent higher 

J J Wurschmidt, loc cit The rod wa? ayateraaticaUy tapped during these 
measoremonts The data in the last two columns refer to rods approximately 
0 6 cm m diameter See Note 4 

Magnetic Visconty Ewing and Rayleigh showed that 
when long wires of soft iron are placed inside a solenoid in 
which a current is either gradually or suddenly changed there 
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occurs a distinct, slow change of induction as manifested by 
a magnetometer deflection, for some time after the current 
has reached a steady value, especially when weak magnetising 
fields are used Hence, it may happen that ballistic measure- 
ments of magnetic induction give results slightly lower than 
magnetometer measurements The dilferenoe, which does not 
normally exceed 1 or 2 per cent, is attributed to magnetic 
viscosity When a ferromagnetic is exposed to an alternating 
field, losses due to hysteresis, eddy currents and viscosity 
must arise, and, on account of their importance m telephony 
the latter have recently been studied Carbonyl-iron in the 
form of tape exhibits magnetic viscosity to an extraordinary 
extent when recrystallised by heatmg for 2 hours in a stream 
of commercial hydrogen at 1000" C , and Richter* showed 
that the viscosity and ordinary hysteresis effects are not 
clearly related Schulzef by a neat power loss method dis- 
covered that the magnetic viscosity of the material could be 
divided into two parts, one of which was a function of the 
frequency and varied with the temperature of the iron , he 
explained this phenomenon on the assumption that the an- 
nealed material contained parallel, threadlike Weiss domains, 
p 238, magnetised in parallel and antiparallel directions only 
As the threads increase m lengtli the energy associated with 
the demagnetisation effects decreases while that associated 
with their surfaces of separation mcreases, so that at each 
temperature there must be a stable state with a definite 
degree of thread formation 

The Magnetic Potentiometer To understand another 
method of investigating the ferromagnetic projiertics of a bar 
or sheet of material we must first discuss the use of the 
magnetic potentiometer, a device invented by ChattockJ and 
reinvented by Rogowski, § while Wolman|| designed the form 
described below Suppose that a rod of insulating material of 

* G Ruhter, Ann drr PJiys 29, b05, 1937 

t H Schulze, Witsen Verojf aui den Siemens Wtrken, 17, 151, 1938 

JAP Chatbock, Phil Mag 24 94, 18H7 

§ W Rogowski and W Stemhaus, Arck fur Elektrotechnil , 1, 141, 1912 

II W Wolman, Arch fur Eleklrotecknik., 19, 385, 1928 
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circjuJai or rectangular cross-eection is uniforniJy wound with 
a very large number of turns of thin insulated wire Further, 
let it now be bent into a semicircle so that the two ends of the 
rod will now rest upon the same plane with the ends of the 
winding Hush W'lth the ends of the rod Consider it placed m a 
magnetic field as shown in Fig 1 5a, then the total number of 
lines of force linked with the winding will be 

n^^ads = am I J^^ds = 

JR Jr 

= omjt I, (43) 

when /I iJ IS jiarallel to auniform field In the above expressions 
O' i« the mean area of cro&s-section of the j)otcntioineter, n the 




Fig Her Mngnetir potentiometer 
Fig 15 fi t'si of uvttgpctiL puteiiliomcter 

number of turns per cm , Jf,, the field normal to ds and V^ 2 } 
the diSereiuc in magnetic potential between the points A and 
if, which are at the mid-points of the potentiometer ends and 
a distance I apart Hence, on joining the potentiometer to a 
ballistic galvanometer and suddenly removing the potentio- 
meter from the field we should get a deflection proportional to 
The instrument may therefore be calibrated by placing 
it inside a standard solenoid and reversing a known current i, 
when the gah anometer deflection should be proportional to 
Hmn 

Turning now to Fig 15b the bar specimen BB is clamped 
to a yoke which may he excited by a eurrent in the coil P 
A winding S upon the bar can be connected to a ballistic 
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galvanometer, which permits the measurement of changes 
in the induction in the bar The potentiometer is placed upon 
the bar, with its ends outside S, and may also be connected to 
a ballistic galvanometer to measure the effective field acting 
upon the bar in the region where the induction is measured 
Hence the actual field producing a measured induction is 
found The mam difficulty hes in winding the potentiometer, 
with, say 3000 turns, sufficiently uniform to enable it to be 
used in non-umform fields Small potentiometers with 
AB = 3 cm approximately and about 500 turns have been 
used by Bates* and Lloyd-Evans to investigate the field in 
the neighbourhood of the pole tips of electromagnets 

Measurements with Short Specimens The investigation of 
the magnetic properties of very short specimens of ferro- 
magnetics IS desciibed in Chapter iv Commercial specimens 
in the form of short bars or stampings aie investigated by 
means of a testing instrument called a permeameter Thus, if 
the bar BE of Fig 1 5!i were replaced by a standard bar of the 
same dimensions, we could compare the inductions for hnown 
currents in the coil P by the corresponding deflections of the 
galvanometer when joined to the coils S We might then refer 
to the apparatus as a periiieaiiieter Tlie reader will find a full 
account of such instruments elsewhere f 

Reversible and Incremental Permeability Let us suppose 
that we are taking a specimen of mateiial through a hvsteresis 
cycle, and that we reach a point P on Oo or eo of Fig 13 Then, 
if instead of proceeding to higher field values we reduce the 
field by a small quantity the magnetisation falls by a small 

quantity A1 and the induction by a small quantity AB If 
these changes are sufficiently small they are reversible, i e 
unaccompamed by hysteresis The ratios A 1 / Ajff' und A B jAj^ 
are then known as the reversible susceptibility and the reversible 
permeability for the material m the state represented by the 

L F Bates and B Lloyd Evans, Phys Soc Proc 45, 425, 1933 
■f" T Spooner, ProperUes and Testing of Magnetic MateriaLs London, 1927 
See alflo R L Sanford, Congr Iniem d' Electricity, 3 , 395, 1932, and Bur of 
Stda Journ of Research, 16 , 563, 1936, and 23 , 415, 1939. 


BMM 


65 


5 



PBODTTCTION OF MAGNETIC FIELDS 

point P Gans* liaa shown that if Icg la the initial auaceptibility 
at the origin, the reversible ausceptibihty at P, I, the 
saturation intensity of magnetisation and 1 the intensity at 
a point P on Oa, then kjk^ = Jil/Ig) Gans has given an 
expression for J but a theoretical basis for this expres- 
sion has only recentlyf been found 

In modern alternating current practice the core of a trans- 
former is often exposed to a steady field upon which an 
alternating field is superimposed, so that an unsymmetrical 
hysteresis cycle is continuously described If the difference 
between the extreme values of the induction is divided by the 
difference between the extreme values of the field the quotient 
IS termed the increme.ntal permeabthty, and, in the limit, for 
very small differences reduces to the reversible permeabihty 
defined above The symbols used by communications 
engineers are now being standardised J Specimens on which 
alternating field tests are made must be laminated to reduce 
eddy current losses, and reference may be made to the work of 
Sims and Greig for details of modern technique § 

The Steinmetz Coefficient A relation between the energy 
Wg lost per unit volume per cycle and the maximum induction 
fijnai attained during the cycle was deduced empirically by 
Stemmetz II It takes the form 

^ f = (44) 

where y is a constant, depending on the material, known as 
the Steinmetz coefficient, and x is also a constant, depending on 
the material, approximately equal to 1 6 Equation (44) is 
not entirely reliable but may be used to compare the hysteresis 
properties of diff erent materials 

Special Ferromagnetic Materials Eerromagnetic materials 
may for practical purposes be divided roughly mto three 

* R (xftna, Phys Zsit 12, 1053, 1911, and j4nn der Phya 61, 379, 1920 
t W F Rrown, Jr, Phi/s Jiev 54, 279, J9Jfl 
^ B A Report, Nottingham Meeting, 1937, Section G 
§ L G A SimB, Engtmtfvfi^, 143, 23, 1937 and 144, 3B7, 1937, and J Greig, 
EngineeTnig, 144, 4J9, 1937 

II W steinmetz Cf Bur of S Ids Circular No 17, J D Ball, Geri Elect Rtv 
19, 369, 1916, and E V Bell Syst Tech Journ 18, 438, 19S9 
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clasaea, viz those with high values of the maximum induction 
in moderate fields, those with high initial and maximum 
permeabilities and those with pronounced hysteresis and high 
coercive forces The first class is auitahle for the construction of 
electromagnets, the second for the transformers, loading coils, 
etc of the communications engineer, and the third for the 
manufacture of permanent magnets, the latter materials will 
he discussed in a subsequent section 

It has long been known that the purer the iron the more 
suitable it is for the construction of electromagnets Weiss 
showed, however, that the addition of 50 per cent commercial 
cohalt to the iron gave an alloy with a maximum induction of 
over 23,000 instead of 20,000 for pure iron This material is 
brittle and difficult to work, and it is usual to add about 
2 per cent vanadium to make it easier to work , and , in ci dentally , 
the vanadium increases the electrical resistivity more than 
three-fold without affecting the magnetic properties to a 
marked extent A useful alloy for pole tips, etc is D C I 
alloy,* consisting of 38 per cent cobalt and 62 per cent iron, 
which gives a maximum induction of over 24,000 and can be 
cast readily, forged and rolled into bars 
Pure iron has an initial permeability of about 250, which 
may be increased to about 400 by the addition of some 
4 per cent silicon, which also raises the resistivity five-fold 
The initial and maximum permeabilities of an iron wire may be 
enormously increased by heating it m an atmosphere of moist 
hydrogen! 1400° to 1500°C for about 18 hours and 
subsequently annealing it at a temperature just below 910° C , 
care being taken to let it cool slowly over the range 910° to 
890° where the y to a phase change occurs See Note 5 
Nickel and iron combine to form alloys, called permalloys, 
with extremely high initial permeabilities, provided that the 
appropriate heat treatment is given Elmenf kept his prepara- 
tions at about 900° for an hour, cooled them slowly to room 
temperature, reheated them to 600° C and subsequently 

* Made by Darwins, Ltd , Sheffield 

t P P Coiffi, Phya Rev 45. 742 19J2. and 55, 673, 1939 
j G W Elmen, Journ Frankhnln^ 297, *183, 1929 For other references see 
J C Chaston, Elect Comjnvknicaiion^ 15. 38. 1936 
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cooled them to room temperature on a copper plate in the 
open air This process he calls “air quenching”, and it is 
particularly effective in the case of a permalloy containing 
78 6 per cent mckel and 21 5 per cent iron The heat treatment 
18 most important and its effects may be increased by the 
judicious apphcation of a magnetic field during the treatment 
For example, Bozorth and DiUinger* applied a field of only 
10 oersteds to a 65 per cent mckel permalloy as it cooled some 
200° from a temperature just above its Curie pomt, and found 
that the maximum permeabdity was thereby increased fifty- 
fold It IB supposed that strains set up by magnetisation are 
released by heat treatment, so that, after coohng, the material 
may be more easily magnetised 

It IS an interesting fact that the addition of traces of certain 
metals, in particular, chromium, manganese, molybdenum, 
sihcon, and, especially, copper to nickel iron alloys increases 
their imtial permeabihty in an extraordinary manner This 
IS presumably the secret of the high initial permeability of 
mu-metal, which is 10,000 to 30,000, while its maximum 
permeability is 60,000 to 100,000 for fields of the order 
0 026 to 0 04 oersted The resistivity of these alloys is also 
high and this makes them particularly valuable for use m 
small transformers, etc 

A group of materials with strange magnetic properties are 
the perminvars, alloys contaimiig 10 to 40 per cent iron, 10 to 
80 per cent mckel and 10 to 80 per cent cobalt They are 
characterised by low hysteresis losses, and specimens baked at 
400° C exhibit constant permeabihty in weak fields Moreover, 
specimens which have been air quenched give hysteresis cycles 
of peculiar shape, each with a “waist” in the region of the 
origin, a phenomenon which Auwers and Kuhlewein')' have 
examined in detail 

The Magnetic Circuit We now turn to a conception which 
IS particularly useful in practical work, as it enables us to 
make speedy, if only approximate, calculations of the magnet- 
ismg currents necessary to produce stated fields with particular 

* R Bozorth and J DiUmger, Pkyaics, 6, 2'79, 1936 
f 0 V Auwers and H Kiihlewem, Ann der Phys 17, 107, 1933 
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arrangements of magnets, solenoids, etc Suppose we have a 
coil of N turns carrying a current C amperes and that we 
take a unit pole once around a closed path threading through 
the coil Then, if we move in opposition to the field we do a 
47r 

quantity of work ergs The work done in taking the 

umt pole over a short distance dl is dl and the total work 
over the complete path, jJifdl, is known as the line integral 
of magnetic force or the magnetomotive force (m m F ), and is 
expressed in gilberts 

Hence [j^dl^^NC . (46) 


Field intensities are sometimes defined in terms of gilberts per 
cm The product NC la known as the ampere-turns linked with 
the circuit, and, in general, when several coils are used the 
complete statement is 

MMF = [.yi;'dl = ‘\^ INC (46) 


In the same way that we picture the e m f of a battery as 
resjionsihle for the jiassage of electricity through an electric 
circuit, so we may picture the M M F of the coil system of an 
electromagnet as responsible foi the flux of magnetism through 
the magnetic circuit Now, the quantity dl may be re- 
written as follows 


jedl = ?-dl = 

/I fiajdl 


df> 

fiajdJ,’ 


where df) is the flux through a small area a Hence 
df> = 3^ dlldlj/m = dljdZ, 

where dZ is termed the magnetic reluctance of an element of 
the circmt of length dl and area- of cross-section a, and is 
analogous to resistance R = p dlja in the electrical case, the 
reciprocal, \jZ, is known as the magnetic conductance The 
total flux (f through the circuit is given by 

= ^d(f = ^dZ = . (47) 
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To take a straightforward example, consider an iron anchor 
ring of large mean radius R and radius of cross-section r, 
in which a small gap of thickness g is cut Then the total 

magnetic reluctance Z is since the perme- 

abihty of air is unity, it is here assumed that there is no 
magnetic leakage, i e that lines of force are not found outside 
the gap Hence the M M P required to give a total flux 0 across 

the gap IS equal to <f) | ^ 4. m these circumstances 

Two points require comment, first, the value of /i depends 
upon the m M p used, and, secondly, the term may be 
extremely large comiiared with the other term when /i is large, 
showing that most of the reluctance is m the air gap 

If we consider an electromagnet of the form shown on p 71 , 
the total reluctance consists of the reluctance of the yoke plus 
the reluctances of the pole pieces and pole tips, plus the reluct- 
ance of the air gap, there being as many terms in the expression 
for the total reluctance as there are components in the magnetic 
circuit In each portion of the circuit leakage occurs, e g all 
hnes of force from the coils do not enter the iron In general, 
we must write 


^1 


h 


54 = (MMP) - qi—^ + qi^+q^ 


fi^a^ 


/^ 2®2 


h 


m 


where q^, q^, are leakage factors which must be known, 
either from theoretical considerations or from direct experi- 
ment 

Electromagnet Design For ordinary laboratory purposes 
the design of an electromagnet usually follows the lines shown 
in Fig 16 The yoke H (7 is a forging of dead mild carbon steel 
which 18 magnetically as soft as possible The pole pieces, cores 
or limbs A A' and D'D are also made of soft iron or of dead mild 
steel Pole tips of special shape and material may be afiixed at 
A ' and D' by steel rods which pass through the pole pieces, and 
their distance apart is adjusted by the handwheels at A and D 
The pole tips are usually truncated cones with an angle of 
120 °. 
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For, referang to Fig 1 7, suppose we have a cone of angle 2d 
with a uniform intensity of magnetisation 7,,, then the whole 
of thefree magnetism upon the slant surface P of a ring between 
sections of radii r and r + dr is M = Ig2Tirdr This magnetism 
produces a field at O parallel to the axis equal to 

OPWP (r^ + x^)t ■' ^ ’ 


Now /is a maximum when 


1 e when 
1 e when 


dfjdx = 


M 


r^ + x^—3x^ = 0 


3Mx^ 

P + 2:2)« “ ’ 

or X = rl^2, 


tanS = /2 or 6 = 54° 44'. 



Fig 16 Conatnicbion of an electromagnet 



Substituting in (49) for M and putting OP = r/sinO, the 
field at O due to the whole ring is 

!2nrdr\lBin'^0\ „ „ r a ai i 

7„ain(9l ^11- -^jcosff = 2n I „ sm^ dcoa 9 dr jr 


Hence for a truncated cone of base b and gap face a the total 
field F IS given by 


Jar 


Remembering that there are two pole tips, the gap field is 
2F and equal to 47r7Qsm^(lco8 01ogj6/o 

Now, m practice the pole pieces are not completely saturated 
and it IS necessary to make ff somewhat greater, and 60° is 
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usually chosen, for which the value of the gap field for cobalt 
steel pole tips with = 1900, is 

4;r(1900) j 2 303logj„6/ffl = 2 07 x 10*logi|,fc/a 
If 6 IS made greater than 60° the field in the gap is reduced 
because the flux falls oft too slowly, if much less than 60° the 
field IS much too intense near the pole faces and the pole tips 
become saturated 

For the condition of most uniform field between the pole 
faces we have from (49) the condition 

dP’f ^Mx \bMx^ 
dx^ (r^ + a;“)* (r^ + x^)i 

whence x = r^lj or tanl? = ^|, le 6^ = 39° 14', which for 
cobalt steel pole tips gives a gap field of 

47r(1900)(0 0324)2(0 7745)2 3031ogjo6/a = 1 71 x lOMogmft/a 

Returning to Fig 16 the magnet is excited by a current 
supphed to the coils X and Y, a good working value being 
10 to 20 amfieres from a 220 volt su])ply The coils are wound 
with thick cotton-covered wire and may be oil cooled When 
heavier cuiients are employed, the coils are wound with bare 
copper stri[) or tubing which must be cooled either by forcing 
air or oil through the wmcliiigs or passing w ater through the 
tubing It IS impossible to construct a powerful electromagnet 
without using a substantial quantity of iron, although by 
increasing the weight of a magnet we do not very markedly 
increase the maximum field beyond a certain value, but we 
do increase the area of the gap over which that field may be 
maintained 

About 90 per cent of the magnetic reluctance is located in 
the air gap and pole tips, and, consequently, the field which 
acts upon the yoke is really quite small, being of the order of a 
few oersteds only, as is self-evident when the huge demagnet- 
ising eS'ect of the strong poles of the magnet is remembered 
Hence, the yoke must be magnetically as soft as possible to 
give a high magnetisation in a small applied field To avoid 
leakage losses the cores should be as short as possible and they 
must not be saturated, and, as the number of stray hnes 
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moreases aa we move away from the gap, the cores of large 
magnets should be not cyhndrical but corneal to ensure that 
saturation is never attained 



Fig 19 Design of largo magnet at Upsala (Dreyfus) 

Comprehensive calculations for the design of large magnets 
have been given by Dreyfus,* and incorporated in the con- 
struction of the large magnet at Upsala University, f of which 
a diagram is given in Fig J 8 The magnet housing con.sists of a 
cylindrical body of cast steel to which is bolted a cast steel end 
block, while a similar block shdes in an axial direction The 

• L Dreyfus, Arch fur Elelclrotechnik, 25 , 302, 19J] 
t L Dreyfus, Asea Joum 12, 8, 1935 


73 


^ 700mto 



PRODTTCTION OP MAGNETIC FIELDS 

mam wiought-iron pole cores are mounted on these blocks, 
they are 34 cm long and taper from a diameter of 1 1 2 cm to 
one of 69 cm , and through each runs a 20 cm hole carrying 
an inner core nhose position is adjusted by the handwheels 
A conical pole piece of wrought iron is fitted to the main core 
and the pole tips are of cobalt steel The magnet coils are 
wound with rectangular copper tube, 21 x 23 mm with a 
10 mm diameter hole which carries the cooling water With 
a current of a little over 4 amperes per sq mm of conducting 
surface of the tube and 150 turns on each of the two coils, the 
available ampere turns are about 500,000 This magnet, 
although smaller than that described by Hader* at Leyden, 
and still smaller than that described by Cotton and Mahbouxf 
at the Academie des Sciences, is perhaps the most efficient in 
the world 

In using a magnet precautions must he taken against the 
danger of accidental failure of the current supply, when the 
large self-inductance of the magnet might cause a breakdown 
of the coil insulation Thus, DupouyJ uses an electrolytic ceU 
consisting of an aluminium anode and a gas carbon cathode 
immersed m a 10 per cent solution of tartaric acid, connected 
in parallel with the magnet coils, so that practically no current 
passes through the cell when the magnet is working When the 
electricity supply is cut off the induced current in the coils can 
flow through the cell, as the carbon now becomes the positive 
pole, and the magnetic field falls off less suddenly Copper- 
oxide rectifiers could be used for the same purpose Even 
with smaller magnets when such devices are not employed, 
field-breaking switches, which automatically place a resistance 
in parallel with the coils before breaking the circuit, should be 
used It IS also advisable after using a magnet to demagnetise 
the pole pieces by reversing a safe current through the coils 
several times while gradually reducing the current to zero 

Magnets Jot Special Purposes Special magnets have 
recently been built for investigators in nuclear physics. Thus, 
• G Hader Siemeiia Ze\t 10, 481, 1930 

t A Cotton and G Mabboux, Recherchea et Invsnhons^ Dec 1929 
J M G Dupouy, Ann de Phys 15, 495, 1931 
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while Rosenblum* used the large magnet at the Academie des 
Sciences with pole faces 35 cm in diameter for the examination 
of a-particlea of long range emitted by radioactive elements, a 
special magnet for the purpose was constructed by Cockcroft f 
It consists of a mam cylmdrical casting A, Fig 19, of high 
permeability steel, over whose central core the exciting coils C 
are placed The upper cylindrical pole piece A' is then shpped 
over the central core and mounted accurately m position by 
means of a carefully ground ring Ji The annular gap across 
which the field is maintained is seen at It is 80 cm m mean 



Fig 19 Eleotromagaet for d-ray invoBtigatioDB (Cockcroft) 

diameter, 6 cm in radial width and 1 cm across Fields of 
18,000 oersteds, constant to 1 part in 1000 over the gap, are 
obtained when 2 2 kilowatts are supphed to the coils, but as 
most of the fields required can be produced with 0 3 kilowatt 
or less, a battery can be used as a constant source of current. 
A group of tr-rays of a fixed velocity, emitted from a source 
inserted through one of the holes F, can be bent by an appro- 
priate field and brought to a focus on a detector mserted 
through the other hole F, not shown in the above figure By 
adjustment of the field groups of rays of different velocity can 
m turn be focused on the detector, a high vacuum must be 
maintained in the gap or the a-rays will be absorbed before 
reaching the detector 

* S Roaenblum, Com'pi RtTid 188, 1401, 1929 

f J D Ootkcroft, Journ Set Irtstr 10, 71, 1933 See also L H Martin and 
A A Townsend, Roy Soc Froc A, 170, 192, 1939 
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Lawrence and Livingston* used a magnet with pole faces 
27 6 in in diameter in the more recent form of then cyclotron 
apparatus for the multiple acceleration of ions to very high 
speeds The ions, formed near the centre of the diametrical 
region between semicircular, hollow, aoceleratmg electrodes, 
are caused to describe ever-widening but approximately 
semicircular paths under the action of a powerful high- 
frequency oscillating field between the electrodes and the 
magnetic field perpendicular to the plane in which the ions 
move The frequency of the oscillations is so adjusted that 
the ions cross the gap between the electrodes in synclii onism 
with the oscillations, and thus gam an increase of energy at 
each passage, finally emerging with the very high velocity 
corresponding to about 6 million volts or more The total 
weight of iron m the magnetic circuit is about 65 tons and the 
weight of the exciting coils about 9 tons 

Perman&nt Magnets When constant fields of a few 
thousand oersteds are required in air gaps of large volume for 
long periods of time, permanent magnets of cobalt steel may 
be used with advantage The theory of their construction is 
essentially that given by Evershed f Let us suppose that we 
have a simple form of permanent magnet consisting of a cobalt 
steel yoke with an air gap between plane faces — the split 
anchor ring of p 70 may be pictured Then, because the 
M M I in the circuit is zero, 

= ( 60 ) 

where and ^ represent the fields within the air gap and 
steel and and 1, denote the magnetic paths in air and steel 
respectively For a stable state of the magnet we may assume 
that and are constant, and, integrating (50), we have 

(51) 

• E O Lttwrtnce and M S Livinp^ston, Phya Rev 45, 608, 1934 Bee also 
M C Hendoraon and M G White, Rev 3ci Inatr 9, 19, 1938 

t S Evershed, Journ Irtst Elect Eng 58, 780, 1020, 63, 725, 1025 
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Now, the flux through the magnet must be constant, so that 


(62) 


where B„ is the mduction m the steel and and A, are the 
respective areas of cross-section of the gap faces and steel, 
while g is a leakage factor, smce hnes of force are found outside 
the gap The two relations (61) and (52) enable us to calculate 
the minimum volume of steel required to produce a stated 
field over a particular gap, for, the volume of steel is 


AX 




(53) 


and, when q, A„ and are specified, the expression is a 
minimum when a, maximum 

It IS useful to have a criterion of the magnetic quality of 
permanent magnet steel Suppose that, after being strongly 
magnetised, a steel has a residual induction or remanence 5, and 
we proceed to demagnetise it by ajiplying magnetic fields of 
increasing intensity Then we may record the values of the 
induction B and the applied demagnetising field and obtain 
values of the product Bjf The latter starts from zero, passes 
through a maximum, (B3f)ma,%, and ends at zero when the 
coercive field 3^^ is reached As a criterion of magnetic quality 
Evershed takes [BJ€ since this is the maximum amount 
of the external magnetic energy per unit volume of the material 
that can be suiipoited by a given steel Scott* has shown by 
duect experiment on several steels that the product 5,^ is 
duectly proportional to {B3^)^a.x This means that m order 
to assess the magnetic quality of a senes of magnet steels we 
need only find their values of instead of measuring the 

complete demagnetisation curve to get 

Permanent magnets with large pole faces are used for a- and 
/?-ray spectroscopy Thus, Briggs’)' uses a magnet giving a 
field of 5300 oersteds between poles 26 x 17 8 cm and 1 19 cm 
apart, and SurugueJ uses one with pole faces 33 x 45 cm givmg 
fields up to 1430 oersteds for /d-ray work The magnet 

• K L Sootfc, BeU Sys Tech. Jmtrn 11, 3H3, 1932 
t G H Bngga, Journ Sci Instr 9, 5, 1932 
X J Surugue, Journ de Phys 6j 94, 193o 
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designed by Cockcroft, Ellis and Kershaw’*' consists of a rigid 
U-shaped yoke of soft iron from which are supported two 
horizontal arms, each consisting of twenty-three laminated 
plates of cobalt steel bolted together and fitted with pole pieces 
of high permeability steel The cobalt steel contains 35 to 36 
per cent cobalt The pole pieces have plane faces 600 sq cm in 
area and when 5 6 cm apart can give a maximum field of 
2300 oersteds Field coils are placed on the horizontal arms, 
and the field can easily be changed and set to new "permanent” 
values by the passage for a few moments of suitable exciting 
currents The field is but little affected by small changes m 
temperature 

Matenals for Permanent Magnets f Nearly all commonly 
used permanent magnet steels are practically carbon steels to 
which quantities of other elements have been added Such 
steels must be heat-treated, they are first hardened by heating 
and quenching from some critical temperature, so that they 
may have the most suitable crystalline structure Quenching 
18 usually done in oil or water, and, unfortunately, and 
vary with the quenching temperature in different ways Thus 
for a high content chromium steel the higher the quenching 
temperature the greater ^ and the lower B^, so that some 
compromise in choosing the quenchmg temperature is neces- 
sary The effect of adding chromium to a steel is to raise 
and also to permit it to be quenched in oil instead of water, 
thus avoiding quenching cracks, is raised from 40 to 
60 oersteds by the addition of 1 to 4 jier cent chromium 

An early tungsten steel consistmg of 6 to 8 per cent tungsten, 

0 7 to 1) 9 per cent carbon and the remainder iron had a 
coercive force of GO to 80 oersteds, the dimension ratio, le 
length divided by diameter, of the specimen used, was 15 K S 
magnet steel, discovered by Honda, is composed of 0 7 to 

1 0 per cent carbon, 6 to 8 per cent tungsten, 1 to 4 per cent 

* J D Cockcroft, C D Ellia and H Kershaw, Eoy Sor Proc A, 135, 028, 
1032 

1 A valuable review and record of ma^elii materiah la given by C Webb, 
JoTirn In^t Ehrt Eng S2, 30J, 1938 Hee also 11 A Obver, Magnetism, p 71, 
Inst Physics, 1938 


78 



FERROMAGNETIC ALLOYS 

chromium, 15 to 36 per cent cobalt and the remainder iron, and 
has a coercive force of 200 to 250 oersteds, while its residual 
induction for small dimension ratios is about 2^ times as great 
as that of the earlier tungsten steels 

Korster in 1931 produced an alloy containing iron, cobalt 
and molybdenum with a coercive force of 100 to 350 oersteds 
and a residual induction of 12,000 to 6700 for very high 
dimension ratios About the same time Mishima invented 
M K steel, consisting of about 30 per cent nickel, 12 per cent 
aluminium, somewhat less than 20 per cent cobalt and the 
remainder iron, whose coercive force is between 200 and 
700 oersteds with residual induction between 11,000 and 7600 
for very high dimension latios, but its general properties 
cause its use to be restncted The new K S magnetic alloy 
discovered by Honda, Masumoto and Shirakawa* contains 
16 to 36 per cent cobalt, 10 to 25 per cent nickel, 8 to 25 per 
cent titanium and the remainder iron When oast into a metal 
mould and annealed at about 660° C it gives a coercive force 
of about 800 to 900 with a residual induction of about 7500 for 
very large dimension ratios, and is specially suitable for short 
magnets This alloy is difficult to forge and a magnet must 
first be cast and afterwards shaped by grinding Jelhnghaust 
finds that an alloy of 50 per cent cobalt and platinum possesses 
a value of = 2650 oersteds and = 4530 gauss 

Now, whereas substances of high imtial permeability must 
be as free as possible from internal strains, permanent magnet 
materials must be heavily strained This is borne out by 
Bozorth’s experiments on a, 'precijntahon hardened iron-nickel- 
aluminium alloy Precipitation hardenmg can be applied 
when the alloy can exist at room temjierature m a stable con- 
dition consisting of two phases and when at a higher tempera- 
ture one phase dissolves completely m the other to form a sohd 
solution In makmg a precipitation-hardened magnet, the 
material is quenched rapidly from a high temperature, and 
then reheated to an intermediate temperature at which the 

• K Honda, H Masumoto and Y Sliirakawa, Sc% Rep Tot Umv 23, 365, 
1934 

t W Jellmghaiis, Zeit tech Phya 17, 33, 1936 
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second phase precipitates slowly m a very finely divided form 
When the optimum amount has precipitated the material is 
cooled to room temperature and no more marked changes occur, 
hut each submicroscopic precipitated particle forms a centre 
of stram The strains produced by quenching are ordinarily 
regarded as sufficient, and further heat treatment is avoided 
except for “ageing” purposes Bradley and Taylor* have 
shown by X-ray examination that m the FejNiAl lattice there 
are tmy regions of iron rich ^-phase on the point of separatmg 
out In their equilibrium state these should have lattice 
dimensions 0 3 per cent greater than the parent lattice, but 
as this is not permitted, they exist in a state of enormous 
strain 

Eztremdy Intense. Fields The most intense magnetic 
fields so far recorded have been produced by means of coils 
carrying an enormous cuirent for such a short interval of time 
that the coil is not unduly heated Thus, m shortcircmtmg 
what was viitually an accumulator pile through a coil of very 
low resistance Kapitznf jiroduccd fields of the order of 100,000 
oersteds, a similar method was used by Wall Kajutza obtained 
still more intense fields by shortcircuitmg a special generator 
similar to a single phasfe alternating turbogenerator The 
armature of the generator is sufficiently robust to permit it to 
be shorten cuitcd for one-hundredth of a second, even when 
running at a very high speed Moreover, as only a half-wave 
of the current is used, the current may be broken by means of a 
synchronously adjusted break Employing impulses of 50,000 
kilowatts, KapitzaJ obtained momentary fields of 300,000 
oersteds over a small region 

As such fields cannot be maintained for more than a few 
thousandths of a second, a special switch is used to keep the 
current on for about one-hundredth of a second, and is so 
designed that the time required to make or break the current 
IS only a few ten-thousandths of a second The coil used to 

* A «I iJratlloy and A Taylor, Natute, 140, 1012, 1037, and “Magnetism,” 
/tis/ Phi/R 19.J0 

I P Kapitza, Hoy Soc Proc A, 105, b93 1D24 

J P Kapitza, Phya Soc Ptoc 42, 425, 1930 
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produce the field is subjected to huge electrodynamical 
forces and is of special design The generator is placed at such 
a distance from the cod that the mechanical disturbances 
caused by shortcircuiting the machine only reach the coil after 
the field has vamshed and any experiment is over 

Measurement of Strong Fields The moat direct laboratory 
method of measurmg the intensity of the field between the 
poles of an electromagnet is to use a search coil in series with 
the secondary coil of a standard mutual mductance and a 
ballistic galvanometer The search coil should consist of a 
number of turns of fine insulated wire wound upon a non- 
conducting frame, whose area of cross-section is accurately 
known The search coil is placed with its plane perpendicular 
to the field, and on suddenly removmg it from the field the 
galvanometer is deflected An equal deflection of the galvano- 
meter IS now obtained by the reversal of a steady current in the 
primary coil of the inductance If the mutual inductance is 
M henries, 1 the steady current in amperes, n the number of 
turns each of effective area a on the search coil a,ndJf the held 
in oersteds, then 

2M1 = naJt/W . (64) 

By effective area is meant the area v Inch actually embraces 
hnes of force, it is therefore for a coil of one layer equal to 
the area of a circle whose radius is that of the former -|- the 
radius of the wire -I- one thickness of the insulation layer on 
the wire The effective area of a coil of several layers may be 
found experimentally by placing it inside a standard solenoid 
and measuring the mutual mductance between the coil and 
the solenoid by balancing it against an mductometer 

If instead of removing the coil from the magnetic field, we 
turn it through 1 80° about an axis perpendicular to the hnes 
of force, equation (64) becomes 2MI = 2naJ^'llO^ It is also 
possible to remove the coil and to reverse the current m the 
primary of the mutual inductance at the same time, and by 
proper adjustment of the current to obtain zero deflection of 
the galvanometer, when equation (64) is satisfied 
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The, Fluxmeter In practice the ballistic galvanometer is 
replaced by a fluxmeter which is virtually a moving coil 
balhstic galvanometer in which torsional control is extremely 
small and heavy dampmg is produced almost entirely by the 
electromagnetic couples due to currents 
induced in the coil by its motion It con- 
sists of a rectangular coil of wire G, ¥ig 20, 
wound on a non-conducting former and 
suspended by a fine silk fibre F — often 
attached to a flat spiral spring to avoid ^ 
damage from mechanical shocks — between 
the poles of a strong permanent magnet 
The ends of the coll are connei ted through 
spirals of thin silver strip to the terminals nf 
TT, to which the ends of the search cod 
are joined 

On removing the seaiih coil from the magnetic field a 
quantity of electricity Q coulombs flows through the fluxmeter, 
where Q = naJt jl0<> R, (55) 

when the total resistance in the fluxmeter circuit is R ohms 
The coil receives an im juilse and moves through a definite angle 
6, which IS practically independent of the rate at which the 
search coil is removed fiom the field If the total effective 
area of the cod is NA and it moves in a radial field H, then 
a rotation thiough an angle 0 would cause a quantity of 
electricity Q' = RAHdllO^ R to flow through the circuit 
Now, if electromagnetic daminng alone occurs, then Q must 
equal Q', i e _ NAH0, (56) 

NAH 

or = 0 — constant x 0. 


The above theory is adequate provided that negligible 
torsion control and no air damping exist, the following theory 
covers the general case 

The equation of motion of the fluxmeter coil is 


jd^O d0 VTAU 

I j— Ah ^ + C0 — NAHi, 
dv dt 


(57) 


82 




THBOBY OF THE FLUXMETBH, 


where I is the moment of inertia of the coil system, k the 
coefficient of mechanical damping, (7 the torsion constant of 
the fibre, and i is the momentary current in the coil during the 
removal of the search coil Now, assuming that the self- 
inductances of the search coil and fluxmeter coil are and 
respectively. 


whence 


RVdt 


dO 


di 


naJt-NAH -, — 

dt * 


' dt 


), 


8) 


,d^f) ,, 




{NAH)^\dd NAirrd 
dt'^^ ^ R \jlL 


Integrating the last equation. 


- (5‘J) 


^'^r' J" l.^di-j'' L.diJ (CO) 


If the search coil is vithdiawn suddenly i e ^ is very short, 
then 0 remains very small and the second and third terms on 
the left side of equation (60) can be neglected, the last two 
terms on the light side disappear, and 


ItOg = 


KAIl 

R 


(naJ^), 


(61) 


where lo)^ is the total angular momentum imparted to the 
fluxmeter coil If the toisioii constant of the fluxmeter is zero 
the equation of the motion of the coil v Inch ensues is given by 


I 


/, (NAHf\dO 

( (NAHY\ 

k + - 1 = /l, we have 


0 = 


Now, when i = 0, 6 = 0 and therefoie C„-|- Cj = 0, so that 
(9 = C„(l-e-®/^) (63) 


6 2 
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Differentiating (63), 


— C ^ g-RJ/I 


(64) 


To find Cq we have ddjdt = when t = 0 , therefore Wq = GgKfl 

Hence from (63) 

0 = (1 _ e-»/7) (65) 

xiA 


Now, 0 IB a maximum when t la very great , therefore 


(NAH) (naJf) 


(66) 


When h la neghgible the last equation reduces to that already 
obtained, viz 

d„,ax = ncUriNAH (67) 


From equation (66) it follows that if we plot l/(?m»x against 
R we should get a straight line whose slope is a measure of 
the coefficient of mechanical damping, k 

When the torsion constant cannot be neglected, the equa- 
tion of motion following the removal of the search coil is 


^ dt^ 


+ K^+C0 = O. 

at 


( 68 ) 


The roots of the auxiliary equation are 




iic- 
~K^ ]’ 


and, since C is bound to be small, these reduce to 


1 ± TF, I I or to 1 - 


wcr 


i K C\ 

( i ^ k ) 


and 


Hence, we may write 

6 = Ae-^‘l^+ 

When t = 0, 0 = 0 and A+B = 0, therefore A = — B 
When « = 0, ^ = w„ and &)„ = id 
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Therefore 6 = _ ^icik-k/ih^^ ( 69 ) 

"which reduces to (65) when (7 = 0 

Again, since C must be small, IC , then 

P _ (NAH) {naJff’) ^^_ciiK ^(ciK-Kii)q_ (70) 
RK 

6 IS therefore a maximum when 


1 e when 


t 


[e-«/z_g(c/JC-s/i)(j 
KI 


K^-2IC 


loge 


= 0 , 

K^-IO 

1C 


Writing at = ICIK"^ and substituting for imax m (70), we have, 
following Surugue,* 


0ma.it — 


(NAH) {naje’) 




(l-a)/l-2a‘ 


] 

(71) 

The last expression for dmax is important only when R is 

so great that the term /i: + ' — ^ — ^1 does not explain the 

smallness of the deflection which is observed In practice 
conditions are nearly always such that equation (67) ade- 
quately represents the behaviour of the instrument and the 
makers generally specify an upper limit to the value of R, 
beyond which equation (66) must be used, equation (71) need 
be invoked only when this hmitmg resistance is enormously 
exceeded 

The fluxmeter can be constructed so that a pointer moves 
over a circular scale on which each division corresponds to a 
known change of linkages, or known number of maxwdl-tuma. 
Instead of a pointer and scale, a lamp and mirror system 
may be used Provided that the motion is heavily damped 
electromagnetically the resistance in the circuit may vary, as 
we have seen above, over fairly wide limits, and a number of 
search coils of different effective areas may be used to measure 


J Surugue, Joum de Pkys 6, 486, 1935 
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a Wide range of fields The accuracy of the instrument is, of 
course, limited by the accuracy with which the deflection may 
be read, and, in general, there is a zero drift of which account 
must be taken In fact, it takes a little time to acquire skill in 
using afluxmcter for accurate work The scale can be calibrated 
by measuring a known change of linkages by means of a 
standard mutual inductance See Note 6 

The, Bismuth Spiral When the use of a search coil is not 
convenient, a bismuth spiral may be used for field measure- 
ment The resistance of a metal is increased when it is placed 
in a strong magnetic field as described on p 292, and in the 
case of bismuth the change is pronounced The bismuth is 
mounted as a flat non-inductivcly wound spiral between thin 
insulators and provided with flat copper leads The resistance 
i?oin zero field and the resistance nia&enes ofknown fields 
^ are measured and a calibration curve of R^jRo against,# 
obtained, tbe jilane of the s|iir.il being perpendiciilai to the 
lines of force This method is very suitable for the measure- 
ment of strong fields, but precautions must be taken to avoid 
sudden changes in tlie tenqiciatuie of the spiral 

The Electromag netic Balance When extensive uniform 
fields are to be measured an electromagnetic balance, devised 
by Cotton,"* is useful In its simplest foiin it consists of a long 
narrow rectangle of copper wire wound on a non-conducting 
former and suspended fi om one ai in ol a balance 'J'he rectangle 
hangs with the long sides vertical with one short side m and 
perpendic ular to the lines of the field to be measuied, while the 
other IS in a region of no ajipieciablc field On passing a curient 
i through the rectangle a vertical force J^lni acts upon the 
short side of n turns each of length I, and can be measured with 
a sensitive balance Horizontal forces acting on the vertical 
sides sometimes jiroduce disturbances, but they may be avoided 
by winding the w lie upon a formei such that the long sides are 
arcs of circles and the short sides are directed along radii of 
circles with a common centre on the axis about which the 

* A (’ottoij, 7ourn de iVty? 9, nst, 1900 ttiid A Cotton tind G Dupouy, 
Congr Inlerii d' ^LectritiU, 3, 207, 1922 
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balance turna An accuracy of about 0 5 to 1 part in 1000 la 
claimed 

Briggs and Harper* have described a simple form of 
electromagnetic balance for use with permanent magnets of 
the type mentioned on p 77 In general, with such balances, 
it IS essential to make measurements with the current first in 
one direction and then in the other through the cod, m order 
to eliminate the effects of convection currents, magnetic 
impunties in the coil, distortion of the former due to lateral 
forces, and the mduction or image effect between the coil and 
magnet 

Dupouyl" has designed a direct-reading instrument, called 
a gaussmeter, which depends for its action upor the large 
couples which act upon crystals like siderose and oligiste 
when placed in a uniform magnetic field In the case of 
siderose the two principal susceptibilities differ by 47 9 x 10"® 
em units per cc at room tempeiatuie, so that an appreciable 
couple directly propoitional to the field tends to set the 
crystal section with the axis of greater snsccyitibihty parallel 
to the field, as explained on p 138 The nystal is mounted 
on one end of a light tube supported on horizontal pivots At 
the other end of the tube is a light spiral spring and pointer 
The crystal is placed in the magnetic field with the lines of 
force perpendicular to the tube The rotation of the tube is 
resisted by the spiral spring and the pointer takes up an equi- 
librium position on a circular scale, the field being read 
directly in oersteds The range of the instrument is determined 
by the constant of the spring For acc uracy, the temperature 
of the crystal must be kept constant, as the susceptibility of a 
paramagnetic crystal varies considerably with temperature 

Field Control and Stabiliaahon In many experiments it is 
necessary to maintain a magnetic field strictly constant over 
long periods of time When the temperature of the apparatus 
in the gap can be kept constant to 001 to 0 1°C the field may 
be controlled by a bismuth spiral A bismuth spiral with a 

* G H Bngga and A F A Harper, Joum Sci Inatr 13, 110, 1936 
G DupQuy, Ann de Phya 14, 549, 1931 
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resistance of the order of 10 ohms has its resistance increased 
by about 0 5 ohm in a field of 1000 oersteds This large change 
can be measured accurately by a bridge and sensitive galvano- 
meter Now a change in temperature of the spiral by + 0 025°C 
would give a change of only 0 000075 ohm, which is leas than 
the change for a field change of + 1 oersted Consequently, 
this method is very suitable under the above conditions, and 
there seems to be no reason why the light reflected from 
the galvanometer lamp should not be used to work an auto- 
matic temperature control somewhat on the lines described 
below 

A fluxmeter may be used to control and measure accurately 
changes of magnetic field, as described by Rutherford, Wynn- 
Wilhama, Lewis and Bowden* in connection with the annular 
magnet described on p 75 Two large search coils are fixed 
in the field gap and joined m senes with the fluxmeter and a 
magnetic comparator The latter consists of a permanent 
magnet which can be rotated m the region between the two 
Helmholtz coils connected in the fluxmeter circuit, so that a 
motion of the magnet will produce a change of flux through 
the circuit and bring the fluxmeter coil to any desired position 
A vernier scale attached to the magnet permits small changes 
to be made A spot of light reflected from the fluxmeter is kept 
as nearly as possible in a zero position, and a change of flux of 
1 part m 100,000 in the annular magnet field is said to be 
detectable A spiral groove cut in a wooden disc and filled 
with mercury forms a small resistance for fine adjustments m 
the field circuit Small changes m the annular field can be 
raeasuied by the magnetic comparator, which can be cali- 
brated m terms of the annular field Large controlled changes 
can be measured by joining the secondary of a mutual induct- 
ance in aeries opposition to the search coils in the fluxmeter 
circuit, and allowing a known fraction of the magnetising 
current to flow through the primary, so that there occurs only 
a small deflection of the fluxmeter and this can be measured 
by the comparator 

* Lord Rutherford, C E Wynn-WiUiama, W B Lewis and B V Bowden, 
Hoy iSoc Proc A, 139, 617, 1933 
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The above fluxmeter method of control aufifera from the 
disadvantage that it cannot deal with a slow continuous 
change of the magnetic field such as may be produced by a 
gradual change m temperature of the iron core and yoke It 
haa, however, been uaed by Wynn-Williama* in the conatruc- 
tion of an automatic field stabiliser of great sensitivity designed 
to work with the system just described A narrow rectangular 
spot of hght reflected from the fluxmeter mirror falls upon a 
double cathode photoelectric cell, so that both cathodes are 
partly covered when the spot is in ita zero position Each 
cathode is connected through a Simple valve and thyratron 



Fig 21 Cirruit for maintaining a steady current 

circuit, entirely worked from the A c mams, to a system of 
relays Motion of the spot of light causes one relay system or 
the other to function and to actuate a series motor which 
operates a movable contact in a mercury lesistance and thus 
altera the magnetic field current by the amount necessary to 
restore the fluxmeter spot to its equihbrium position It is 
arranged that when the field has the lequired magnitude both 
thyratrons are alight, one going out when the held is too low 
and the other when the field is too high, and both are out when 
the field changes by such a large amount that the fluxmeter 
spot moves completely off the photoelectric cell, the direction 
of the change being indicated by the older in which the 
thyratrons extinguish Arrangements are made to prevent 
* C E Wynn-WiUiama, Boy Soc Proc A, 14S. 250, 1934 
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over-correction and to provide protection agamst failure of the 
current supplies or of the lamp 
For many purposes it is sufficient to maintain the magnet 
current constant and this may be accomplished by a simple 
battery circuit described by Potter * The magnet current 
drawn from the town supply or a main laboratory battery is 
stabilised by a small compensating current from a bank of 
accumulators of small cajiacity, connected as in Fig 21 The 
slider iSi regulates the magnet current while is so ad- 
justed that practically no current flows through the heavily 
shunted microammeter A 2 If the mains voltage changes by 
A El, then the magnet current changes by the very small 


amount 




where is the very small resistance of the arm S^D via A,,, 
El the resistance of S^D via Ei, and the resistance of 
via the magnet coils Hence, if E^ is made very small, we 




The control is automatic, and will easily eliminate 90 per cent 
of the mains fluctuations if E^ is made suthciently small 
The device would also safeguard agamst the dangers of a 
sudden breakdown in the mains supply More elaborate control 
systems, suitable for the electromagnet of a cjclotron, have 
been described by Lawson and Tyler f 


* H II foiirn Sn Irwfr 11 *)'l, lOU 

J L Lawauii dml A VV T^Ili, Heu Sa Instr 10, 304, 1039 
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CHAPTER III 


SUSCEPTIBILITY MEASUREMENTS WITH 
ISOTROPIC SUBSTANCES 

Introduction In this chapter will be discussed the experi- 
mental methods and technique for the determination of the 
magnetic susceptibilities of isotropic substances Now, while 
gases and liquids have susceptibilities independent of the 
direction of the applied held in which tliej- are measured, 
crystalline materials in general do not Hence the measure- 
ments described in this chapter will be confined to polycrystal- 
hne solids or to finely powdered specimens The information 
obtained in the case of a solid is of restricted use when such 
materials arc used, although it becomes much more important 
when supplemented by the knowledge that the susceptibility 
follows the Curie law, for then it may safely be deduced that 
the internal crystalline fields aie symmetrical and that the 
mass susceptibility of a powdeied specimen is the same as 
that in any diiettion in a single crystal Consequently, in the 
case of solids temperatiiie investigations are usually much 
more important than in the cases of gases and liquids 

It is helplul to survey veiy briefly the magnetic behaviour 
of the mateiials most frequently handled The magnetic 
suscejitibilities of the elements have already been given m 
Table II, pp 30-3 1 , and will be further discussed on p 124 All 
common gases, with the outstanding exceptions of oxygen 
nitric oxide and nitrogen peroxide, are diamagnetic The 
atoms of the rare gases with their closed electron shells clearly 
have no permanent magnetic moments, and it follows that all 
atoms and ions whose electron configurations are of the rare 
gas type are diamagnetic Now, from Table II it is observed 
that many metals, eg copper and silvei, which certainly 
possess electrons outside the closed electron shells or cores, are 
diamagnetic It is therefore concluded that the individual 
atoms in the lattices of these metals are doubly ionised Indeed, 
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magnetic meaBurements on matter m bulk may help very 
much m elucidatmg problems in valency 

It 18 to be expected that all ions with incomplete electron 
shells poasesa permanent magnetic momenta, and conapicuoua 
examples are proVided by many atoms and ions of the transi- 
tion and rare earth senes In general, molecules are diamag- 
netic, although certain exceptions have been noted above 
Thus, nearly all orgamc substances are diamagnetic, but 
there are a few rare exceptions to this rule, viz where the 
total number of electrons m the molecule is odd and we have 
a free radicle, some of these special cases have been examined 
by Sugden* and Klemm f Meta-phosphonc acid provides an 
interesting example If its chemical formula is HjPOg the 
molecule has an odd number of electrons and would presum- 
ably be paramagnetic, whereas if written HjPjOj the number 
of electrons is even and the molecule ought to be diamagnetic, 
as expenment shows the substance to be diamagnetic it is 
concluded that the latter formula is correct 

It IS important to emphasise at this point that it is exceed- 
ingly difficult to obtain metals free of traces of ferromagnetic 
impurity For example, pure copper is undoubtedly dia- 
magnetic, but the author doubts strongly whether anyone 
has yet possessed a specimen which would be repelled from a 
strong to a weak magnetic field Most of 


the common materials used as containers 
in experimental work are diamagnetic, but 
their diamagnetism cannot be taken for 
granted and they must be assumed to 
contain ferromagnetic impurity unless 
proved to be free therefrom All glasses, 
in particular, must be tested, pyrex is 
diamagnetic but many glasses are para- 
magnetic 



Fig 22 Forces on a 
body m a non-uniform 
field 


Forces acting on a Body in a Magnetic Field Before we 
pass to the experimental measurement of the susceptibilities 
of weakly magnetic substances, we must first examine the 
* S Sugden, Trans Farad 3oc 30 18, 1036 
f W Klomm, Jlfogne^^eTni-e, p 167, 1036 
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forces which act upon such bodies when they are placed in a 
magnetic field In Fig 22 let the unbroken lines represent the 
hnes of force of a magnetic field and the broken line a direc- 
tion along which the small body 0, of permeability and 
volume V, is free to move If the region arbund the body is 
evacuated, i e it is in a region of permeabdity unity, then its 

potential energy, see p 8, is — v If, however, 

oTT 

the body is situated in a medium of permeability it dis 
places a volume of the medium whose potential energy was 


^TT 


The change in potential energy which results 


from the mtroduction of the body is therefore — -- 

Htt 

and the force which tends to mo ve the body along the direction 
X IS given by 



An — «i 

-3— V 

8n dx 



since Hi= /Tj = 1-1-4711,2 ^^id + 

where 5^, .3^^ and .7^ are the components of the field along x 
and any two mutually perpendicular axes y and z 

There are, of course, similar expressions to (74) for the 
forces respectively parallel to y and z These may be written 



The expression (74) for is correct only when the field is 
not appreciably distorted by the introduction of the body 
This means that we must be able to neglect all surface forces 
and any changes in the field, which we may do because of the 
low values of and with which we deal The surface forces 
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are proportional to {k^ — Je^Y and are therefore extremely 
small It folloiva that the direction in which a body tends to 
move along a:, i e in the direction of increasing or decreasmg 
will depend on the quantity — If this is positive 
then the body will move in the direction of increasing and 
so behave as a paramagnetic body On the other hand, if k^ is 
greater than k^ the quantity (k^ — ki) will be negative and the 
body will behave as a diamagnetic body although it may 
actually be paramagnetic 

This effect of the surrounding medium may be shown by the 
following lecture experiment The ends of a horizontal fibre 
of soft glass arc bent downwards and provided with small 
spheres of the glass A and B The fibre is suspended by a 
thread of unspun silk w ith the sphere A between the poles of 
an electromagnet, one pole tip being pointed or wedge-shaped 
and the other flat Soft glass is usually much more paramagnetic 
than air, and, on exciting the field, the sphere A moves away 
from the flat pole tip A beaker containing a strongly para- 
magnetic solution of a salt of the iron group is then placed 
round A The latter will now move towards the flat pole tip 
On replacing the soft glass apparatus by one of pyrex (dia- 
magnetic) the sphere A will move towards the flat jiole tip 
in both cases 

Returning to equation (74), it is clear that the experimental 
arrangements are much simphfied and the measurements more 

satisfactory if two of tlie three terms — and - , can 

ax dx dx 

be neglected This is invariably done in practice, but it must 
be emphasised that the small components are always present 
to some extent, and, though they need not be considered m any 
calculations, they may cause slight disturbances which make 
the exjienmental procedure more difficult 

A point which has seldom been discussed since Kelvin* 
first raised it concerns the behaviour of freely suspended 
diamagnetic or paramagnetic cyhnders when placed in an 
ideally uniform field Surprising as it may seem a prion, we 

* Lord Kelvin, Papers on Eleciro^tatics and Magneham, Section 691 See also 
E C Stoner, Phil Mag 23, 854, 1937 
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may prove that both types set with their long axes parallel to 
the hnea of force For, on p 93 we saw that the potential 

energy of a small body in a field is given by — 

This expression assumes that the fields inside and outside the 
body are identical For the jiresent purpose, however, the last 
expression must be replaced by 


877 - ^ 


■/>/) 


■ V = 


4 <- 


■kDfje^v, 


where D is the demagnetising factor of the cylinder which has 
its minimum value when the axis of the cylinder is parallel to 
the lines of force Hence, as in the final expression for the 
energy we must wide L fiositive and k negative foi para- 
magnetic and dianirignctif c ylindeis lespectively, the potential 
energy is least m both cases when I) is a minimum, i e when the 
cylinders set with tlicir long axes paiallel to the lines of force 


Survey of Expentmntal Methods So many different 
experimental arrangements have been used for the measure- 
ment of the suscejitibilities of liquids and solids that one might 
almost think that variety had been the mam object in the 
minds of many of the woikers m this field However, when we 
analyse the work we find that for ordinary purposes we need 
consider only two main methods for the measuiement of these 
susceptibilities Provided that an adequate qiiantity, say 
10c c , of the material uiidei investigation is available, the 
Gouy method described in the following section is, in the 
wiiter's view , always to be jirefened, since it permits absolute 
measurements of a high ordci of accuracy to be made with the 
ordinary equijiment of a university laboratory, and permits 
comparison measuiements to be made with ease Moreover, 
with special apparatus the method can be used for measure- 
ments on gases Absolute and comparison determinations of 
the susceptibihties of liquids are often made by a method, de- 
vised by Quincke, of w'hich the theory is essentially the same 
as that of the Gouy method Both require the provision of 
magnetic fields from 5 to 20,000 oersteds sensibly constant 
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over a reasonable volume between flat pole faces of an electro- 
magnet 

When only small quantities of a substance are available or 
measurements have to be made at very high temperatures the 
Cune method is always to be recommended It requires the 
provision of a strong field which vanes rapidly over a short 
distance, so that special precautions have usually to be taken 
to ensure that the specimen under investigation is always 
placed in a standard position, although in a modification of the 
method, described on p 104, such precautions are not neces 
sary Absolute measurements are impossible by this method, 
but it has proved particularly valuable in conjunction with 
the Sucksmith ring balance for measurements at very low 
temperatures It has been used with sensitive torsion or 
electrodynamometer balances in several important surveys of 
the magnetic properties of the elements 

In the methods so far mentioned the specimen can only be 
placed in a suitable mount, it cannot be exposed to stresses, 
etc while the magnetic observations are being made If we 
wish to make experiments on the magnetic behaviour of a 
substance under tension or pressure, etc , we must use one 
of the methods designed by Kapitza and Webster and by 
Rankine, which are described on pp 108 and 1 1 0 respectively 
For extending susceptibility measurements to fields much 
more powerful than those produced by electromagnets, 
Kapitza has designed a special technique for which the ap- 
propriate balance is described on p 112 Finally, modern 
developments require a knowledge of the magnetic behaviour 
of substances when exposed to fields of ladio frequencies, and 
the special methods used for obtammg this information will 
be briefly described In nearly aU measurements with solids 
the effects of ferromagnetic impurities can be very large, 
and in a special section we shall discuss how these may be 
eliminated 

On account of the special diflSculties peculiar to measure- 
ments with gases and vapours the experiments on them wiU be 
described separately We need only mention here that the 
Gouy method can be used for the absolute determination of the 
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BUBceptibility of a gaB like oxygen and a variety of methods 
used for comparing the susceptibilities of other gases with that 
of oxygen The experimental data m the case of vapours is very 
scanty 


The Oouy Method The Gouy* method was first used ex- 
tensively by Pascal t The substance to be investigated must 
be provided in the form of a rod of uniform croaa-section, or 
as a solution or very finely ground powder which can be placed 
inside a glass tube of umform cross-section The specimen or its 
container is suspended with its axis vertical from one arm of a 
sensitive balance, so that its lower end is near the mid-pomt of 
the field between two flat pole tips, while its upper end is in a 
region well outside the gap, as shown in Fig 23a The lower 
end IS thus in a strong uniform field ^ while the upper end is 
in a very much weaker field Hence the specimen must be 
some 10 to 15 cm long Now, the magnetic force acting on 
an element of a solid specimen of length dx and volume dv is 
equal to 

( 77 ) 


-V U. + 


dx 


where k j are the respective susceptibilities of the speci- 

men and the surrounding medium, usually air, and etc 
are the components of the field in the region lying between x 
and x + dx From considerations of symmetry it is seen that 

Jf and and - -- and — ^ must be very small, hence the 
dx dx 

force acting on the element dx is equal to 


dJ^^ 


dx 


k^~k,dr,f j 

dv = ^ " a.dx, 

2 dx 


where a is the area of cross-section of the specimen Therefore 
the total downward magnetic force acting on the whole 
specimen is given by 




* L G Gouy, Compt Rend 109 , 935, 1889 
I P Pascal, Compt Rend 150 , 1054, 1010 
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In practice the field in the gap, la usually of the order of 
10,000 oersteds while 2^^, the field at the end of the specimen, 
IS usually less than 100 oersteds, so that may be neglected 
On making an experiment the specimen is weighed when the 
electromagnet is not excited and again when the current la 
switched on The difference in weight, m gm , represents the 
magnetic pull on the specimen Hence 

onJf’* = mg dynes (79) 

As an example, suppose that a rod of sulphur 1 sq cm in 
cross-section is suspended with its lower end in a field of 
10,000 oersteds and its upper end in a field of 100 oersteds 
Then the values of and k-^ being respectively — 1 00 and 
+ 0 03 X 10“®e m units per c c , the magnetic force on the 
cylinder is 

J(-l 00-0 03)xl0-'x(10*-10^) = -51 5 dynes 

Hence there is an apparent deciease m weight of 0 0525 gm 
Now, the field between two flat pole faces is not uniform over 
an appreciable portion of the gap 
unless the latter is small and the 
pole faces large, and, accordingly, 
forces given by the expressions 
(75) and (76) of p 93 are present 
These cannot contribute to the 
downward pull on the specimen 
but they may cause a paramag- 
netic specimen to be displaced 
sideways The amount of lateral 
displacement will, to some extent, 
depend on the length of the sus- 
pension connecting the specimen 
to the balance, and it must be 
avoided, particularly when the 
specimen is mounted mside a 
narrow furnace or a draught-proof case It may be reduced by 
suspending the specimen with its upper end in the strong field 



(a) (I,) (c) (d) 

Fig 23 The Gouy method of 
measuring suBceptibilities 
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and its lower end in the region of weak field It is, of course, 
enormously increased by the presence of feriomagnetic im- 
purities in the specimen 

In the measurement of the susceptibilities of liquids and of 
powders the containing vessel may be a simple tube (c), or a 
tube divided as shown in Fig 236, into two compartments, the 
upper containing the specimen Pyrex glass should be used for 
temperatures up to 500° C and quartz up to 1200 ° C , provided 
that the material does not attack the quartz tube, which must 
in general be evacuated and sealed Under these conditions 
the quantity m in (79) is the difference in the apparent mass 
of the container and specimen and that of the empty container 
when the field is on iii both cases The tnbe may also be pro- 
vided with hooks, as shown m Fig 23d, so that a similar but 
empty tube may be attached by means of a thin copper wire, 
when both tubes are evacuated no correction should be 
necessary for the presence of the surrounding medium, i e 
disappears from the expiession for the force acting on the 
specimen Further, no allowance should be necessary for pull 
on the container, since the ujiward force on the diamagnetic 
container sliould be balanced by an equal downward pull on 
the attached tube In any case, the specimen can be removed 
and the container again evacuated and sealed, and any 
necessary correction obtained by again finding the apparent 
change in weight when the electromagnet is excited The 
susceptibility of a liquid may also be found* by noting the 
magnetic pull exerted upon a quartz cylinder immersed in it 

Provided that the field can be measured accurately, the 
Gouy method gives the value of the susceptibility m absolute 
measure It is, however, always advisable to check the field 
measurement at intervals by using a standard substance as 
specimen, e g water, or a solution of nickel chloride of known 
concentration or powdered crystals of manganese sulphate, 
MnS 04 4 H 4 O The method can be used at very low temjiera- 
turea, but at temperatures above 400° to 500° C , depending 
on the apparatus, convection currents produce serious dis- 
turbances and the method is not then reliable The order of 
• G Dupouy and C Haenny, Compt Rend 199, 7B1 and B43, 1934 
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accuracy la limited by the correctness of the value of x and the 
value of but relative measurements with an accuracy of 
1 part m 1000 are usually attained In the case of powders the 
order of accuracy of an absolute determination depends upon 
the uniformity of packing in the container and is usually of the 
order of 1 part in 100, relative measurements with the same 
specimen are, of course, of higher order of accuracy The 
method requires that at least some 10 c c of material is 
available in the case of substances of small susceptibility 

The Quincke Method The Quincke method for the measure- 
ment of the susceptibihty of a hquid has been extensively used 
in many forms The liquid under investigation is placed in a 
vessel which is practically a vertical U-tube of which one 
limb is of narrow but very umform cross-section, while the 
other IS very wide The narrow limb is placed between the 
poles of an electromagnet so that the surface of the hquid lies 
close to the hne of centres of the pole pieces when the field is 
off On exciting the magnet, a strong uniform field is established 
at the upper surface of the narrow column of liquid, while the 
lower portion of the column is m a region of comparatively 
weak field As iii the Gouy method, a force will act upon the 
column, and, if paramagnetic, the liquid will rise Owing to 
the disparity in the cross-sections of the two limbs there will be 
no appreciable change m the level of the liquid in the wider 
limb 

The total upward magnetic force on the surface of the 
liquid IS 

= (p—tr) ghx = px, (80) 

A 

where k^ and k^ are respectively the susceptibihties of the 
liquid and the air above its surface, and p and cr are respectively 
the densities of the liquid and air h is the observed nse m level 
of the liquid, and (p — (r)gh is consequently the change in 
hydrostatic pressure to which the rise corresponds Thus, by 
observing h the value of k^ — k^ may he found It is clear that 
the air above the liquid may with advantage be replaced by a 
weakly diamagnetic gas such as hydrogen or carbon dioxide. 
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allowance may be made for the susceptibility of the vapour 
of the hquid Alternatively, if is known, may be 

calculated, the method thus provides a satisfactory means of 
finding the intensity of a strong magnetic field in a narrow gap, 
when a standard liquid is available In this method, of course, 
lateral forces can play no part 

The bore of the narrow limb must be strictly uniform if 
surface tension changes are to be avoided, although such 
effects are greatly diminished by the use of alcoholic or other 
solutions of low surface tension If the bore is very narrow the 
surface of the liquid may be deformed when the field is applied 
and the column may not nse oi fall Accurately bored tubes 
are now readily obtainable, and it would appear that measure- 
ments could be made with containers m whirh the two hnihs 
have identical cross-sections The rise in level in one hmb would 
be accompanied by a corresponding fall m the other The ' 
surface remote from the magnetic field might therefore be 
observed by means of a reading microscope and the change 
in level noted when the field is applied, the quantity h in 
equation (80) then being twice the magnitude of the observed 
change This method does not appear to have been used in 
research, although it can easily be adapted as a routine 
laboratory experiment 

The prevailing practice is to restore the liquid to its onginal 
level in the tube between the pole pieces either by raising or 
lowering the remote hmb, or by adjusting the level of the liquid 
therein The latter method has been extensively used by 
Piccard * The method of raising the remote hmh has been 
used by Fahlenbrach.t who used a flexible glass connection 
between the two limbs, taking care that the volume of the 
flexible portion was small compared with the non-flexible 
portion of his apparatus, m order to avoid distortion effects 

Auer’s Experiments An excellent example of the use of the 
Quincke method is provided by the work of Auer,f whose 

* A Piccard, Arch des Sci Phys et "Nat, 13, J43, 1913, 2, 45[), 1920, see also 
S Koch, AvKandUnger ui av det Norshe \tdin.akil,p8 Akad Onto, 7, 1, 1912 
H Fahlenbrach, Ann dtr Phy* 13, 265, 1932 

{ H Auer, Ann der P^ys 18, 593, 1033 
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apparatus, primarily designed for the absolute measurement 
of the susceptibility of water, is shown in Fig 24 T represents 
a stout rectangular brass tube which can be rotated about a 
horizontal axis passing through two agate supports L, by 
turning the screw A The liquid under examination is con- 
tained in the tripartite Jena glass tube OKM, which is rigidly 
clamped to T, there is therefore no question of serious de- 
formation when T is rotated about L The liquid surface m 
M lies between the pole pieces, while the remote surface is in 



Fig 24 Auer >i .ippiritHB for the susceptibility of water 


the tube K to which the microscope E is rigidly attached On 
exciting the magnet the liquid (water) level in M falls and that 
m K rises The level is restored to its oiigmal position m M by 
turning the screw A until the meniscus viewed m E returns to 
its former position on the cross-wires, this meniscus is illumi- 
nated by a point source of hght and the microscope setting is 
exact The distance through which the tube K is thus raised 
IS read by means of a microscope, not shown, focused upon the 
glass scale S, whose divisions are the same distance from the 
axis of rotation as is the meniscus in E The glass S 3 ’stem UU is 
provided to enable the an above the liquid to be replaced by a 
diamagnetic gas The tube 0 is used as a reservoir and is shut 
off from the rest of the apparatus during the measurements 
Certain portions of the apparatus are water jacketed as 
shown, m order that the temperature of the liquid m the field- 
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column and in the inclined tube shall be at a constant tem- 
perature This 13 moat important For, in order to restore the 
level m M the inclination of the slant tube KM to the hori- 
zontal IS altered and the change in hydrostatic pressure thus 
brought about is equal to the product of the change in height 
measured on the scale S and the density of the liquid in KM 
Let O' he the density of the gas, and pj and pj I'l*® densities of 
the liquids in the slant column KM and the vertical column M 
respectively Then if h is the measured change m level 

_2gh(p,^(T) , 

*2 * 1 - ’ 


whence 


^2 _ P\ ^ I 

Pj^jf'^-^tpa P2I Pa 


It IS clearly very desirable that pj should be equal to , and 
this IS obtained by the use of the water jacket The main 
difference between the methods adopted by Piccard and 
others and that adopted hy Auer is that in the former the 
density to be used in the calculations is that of the liquid 
m the reservoir, while m the latter the density is that of the 
hquid actually in the field 

Auer used relatively wide tubes, 10mm in internal diameter, 
m order to work quickly and to avoid 
“creeping” errors, 1 e errors brought 
about by an asymptotic approach 
to the required surface level in M 
With this apparatus he found the 
diamagnetic susceptibility of water 
at 16 3° C to be 0 72145 + 0 00048 
X 10““ e m units per gm , with a 
temperature coefficient between 15“ 
and 20° C of 1 45 x 10““ deg 

The Curie, Method Suppose that 
the two pole pieces of an electromag- Fig 26 The Cune method 
net have flat surfaces and are set in 

the somewhat exaggerated positions shown in Fig 25, so that 
the hues of force are represented by the curved hnes. Then 
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a small spherical body placed at 0 wiU tend to move along 
the direction x under a force 


F.= 


k.-L idjn d/n dyF?\ 


J 


since, on account of symmetry, the quantities dJ^jdx and 
dJ^jdx are very small, and can be neglected In the figure the 
quantities dJ^^jdx and are all plotted against 

X Usually and dJ^^jdx are of the order of 10 ^ oersteds and 
5 X 10“ oersteds per cm respectively At first sight it might 
appear that the method would be less sensitive than the 
Gouy method, but its advantage bes in the fact that F,. may 
be measured with a delicate torsion balance, e g with a torsion 
constant of less than 1 dyne cm per radian The use of a 
sensitive torsion balance does not, of course, necessarily mean 
increased accuracy, for the three-dimensional freedom of the 
sfiecimen makes precise replacement exceedingly difficult, 
since there is usually no strong constraint to avoid the effects 
of lateral forces 

The method requires that the curve of dJ^jjdx against x 
shall exhibit a reasonably flat or extended maximum, so that 
the value is fairly constant over a short distance, othei wise, in 
addition to diflicultics of stability, serious errors may arise 
through failure to maintain the body in a standard position 
This defect may be avoided by using pole tips of special design 
so that the force is fairly constant over distances of as much as 
1 to 2 cm Such pole tqis have been designed by Fereday,* one 
pole face is convex and the other is bigger and concave with 
a smaller radius of curvature, and constant values of J^d:^jdx 
of the order of 10® over a distance of about 1 5 cm are obtained 

The extensive use of the Curie method for comparison 
measurements has resulted m the construction of a large 
number of torsion balances or translation balances of varied 
design, and some of the more important will now be described 

• K A Fereday, Fhys Soc Ptoc 43 , JB3, 1931 
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TAe Sucksmith Ring Balance Tor rapid determinations 
of susceptibilities which are not small the neat ring balance 
designed by Suckamith* may be used It consists of a nng, 
shown m Fig 26, made of phosphor bronze stnp, whose width 
and thickness depend on the sensitivity required, contained in 
a thick brass box to maintam a uniform temperature It is 
rigidly fixed at O witli its plane vertical and carries a light 
scale pan P, mica damping vane E and hook F aU attached to 
a copper wire soldered to the lowest portion of the ring Light 
from a distant straight filament lamp passes through the lens 
L to be reflected from the plane 
mirrors B and C as shown, to form 
an image upon a scale 8 The speci- 
men IS placed m a small spherical 
glass phial suspended in a non- 
uniforra magnetic field, e g as indi- 
cated in the liguie f When the field 
IS excited the a pecimen moves through 
a very small distance in which 
yPydjejdx 

is constant to a high degree of ap- Sutk^mith rmg 

® ® ' balance 

proximation, while the deformation 

of the ring produced by the displacement is sufficient to 
give an appreciable vertical displacement oi the image 
For, when a force F^. is applied vertically, causing the phial 
to move up or down, the radial displacement u at any point 
on the ling is given by 

F { 41 

u= 161 sin 0-1- cos 0— 
iEl ( 71] 

where r is the radius of the ring, I the moment of inertia of the 
cross-section, E Young's modulus, and 0 the angle between the 
radius through the point and the horizontal When 0 = 90°, 
then the displacement of the lowest point of the ring relative 
toOis 41_ 0 298Fr?-^ 

■“ 2EI ji ~ ~ 

* W Suckamith, Phil Maq B, 158, 1^)29 

■f Cf also D Shoenberg, Roy Soc Proc A, 155, 712, 1936 
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The angle turned through by the tangent to the rmg is, to a 
first approximation, given by 


\du a\ 


which is a maximum at about 49°, when 
^ _ 0 661 

Now the displacement Uj on a vertical scale D cm away from 
the mirror C is given by 

= 049(4-0 + 2d), 

where 2d is the distance between the mirrors, so that finally 
_ (4Z> + 2d)0 56 


and 


, 0 943(4D + 2(i) 

Dj/Mi = ■' i 


so that the sensitivity is inversely proportional to r With 
r = 2 5 cm and D = 100 cm the ratio vju^ is about 160, or a 
1 mm motion of the body results in a 15 cm displacement of 
the image, which can be read to 0 01 mm when the scale is 
replaced by a microscope, this corresponds to a 0 000007 cm 
displacement of the specimen Of course, the mirrors B and 
C need not be mounted accurately at 0 = 49° The displace- 
ment, then, IS strictly proportional to the load, and may be 
calibrated by placing known weights on the pan It is so small, 
less than 0 1 mm , that the force must be uniform over it, and 
on account of the linear relation between force and displace- 
ment there is no necessity to restore the specimen to some 
standard position 

By changing the weights on the pan the specimen may be set 
in a suitable position in the field Lateral motion may be pre- 
vented either by the use of a single horizontal fibre of unspun 
sdk mounted inside the brass box parallel to the hne of centres 
of the pole pieces, or by using two weak metal spirals attached 
to the copper wire, as described on p 263 and shown m Fig 76 
The use of these spirals also permits the whole arrangement to 
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be inverted, and so to be used at high temperatures without 
the serious consequences of convection currents which would 
affect the form of apparatus shown in Pig 26 The accuracy 
IS about 0 6 per cent 

The Foex and Forrer Balance In Fig 27 is given a diagram 
of a translation balance designed by Foex and Forrer* which 
IS probably the beat of its type hitherto designed At one end 
of a hght metal rod the specimen S is attached and a coil C is 
attached to the other The rod is suspended by five threads, of 
which four are shown in the diagram, so that it can move only 



Fig 27 Foc^t and Forrer translation balance 


m one direction parallel to the rod The specimen is placed 
as shown between shaped pole pieces, and when the field is 
excited the specimen moves in the direction perpendiculai to 
the lines of force It can be restored to its former position by 
passing a current through the cod C, which hes in the gap of a 
permanent magnet system, like the coil of a loud-speaker 
The restoring force is therefore approximately directly pro- 
portional to the current in the coil A special form of Kelvin 
double suspension mirror M is used to indicate the position 
of the coil An accuracy of about 1 part in 750 is claimed for 
a measurement in which only 0 35 gm of a substance of 
susceptibility 0 6Sxl0“®em units per oc was used, the 
measured force being less than 3 dynes The apparatus is, 

• G Foex et R Forrer, Joum dt Phy% 7, ISO, 1926 
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however, rather elaborate and bulky, and the stray field of the 
electromagnet may cause errors These could no doubt be 
avoided by replaicing the permanent magnet by a fixed coil 
and supplying alternating current to the coil C and the fixed 
coil in senes, a method used by Gans m measurements in which 
such high sensitivity was not claimed 

The Curie-CMneveau Balance Rapid measurements at 
fixed temperatures may be made by a form of torsion balance 
designed by Ch6neveau* and improved by Gray and ¥ai- 
quharson f A vertical tube is suitably counterpoised and 
suspended from a long torsion fibie so that the lower end of the 
tube lies in a non-uniform portion of the field of a permanent 
hoise-shoe magnet, mounted with the longer edge of the gap 
parallel to the axis of the tube On placing a specimen in the 
tube a deflection occurs and the angle of re-torsion necessary 
to restore the tube to its original position is determined The 
instrument is calibrated by placing water in the tube It is 
clearly unreliable when the specimen contains a ferromagnetic 
impurity, for piactically no vaiiation of the experimental 
conditions is possible 

The Method of Kapitza and Webster As already mentioned, 
a method of measuring magnetic suscejitibihties, which is 
particularly valuable when the specimen is subjected to 
deformation or other interference while the magnetic measure- 
ments are in progress, has been devised by Kapitza and 
Webster J It requires the production of a strong, constant, 
magnetic field, Jlf, uniform to 1 part m 1000 over an extended 
region Such a field may be obtained with some difficulty 
between two large flat and accurately parallel pole pieces A 
small spherical body placed m this field will not tend to move 
perpendicularly to the lines offeree unless the field is artificially 
distorted Distortion may be produced by placing a short iron 
rod with its axis parallel to the lines of force, as shown m 
Fig 28 

• C Chdneveau, Phil Mag 20, 357, 1910 
f F W Gray and J Farquharaon, Joum Sc% Instr 9, 1, 1032 
j P Kapitza and W L Webster, Rog Soe Proc A, 132, 442, 1031 
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It IB readily seen that the magnetisation of the rod produces 
a disturbing field H with a gradient dHfdx in the neighbour- 
hood of the body and a force lc(J^ -I- will act on the 

dx 

latter, tending to make it move towards or away from the rod, 
and may be measured if B is suitably 
mounted on a torsion balance The force 
acting on the iron rod due to the presence 
of B must be equal and opposite to 
that acting on B, and, therefore, instead 
of mounting the latter on the torsion ^*’'6 28 KapitzaandWeb- 
balance it is fixed in position while the * 

iron rod is free to move Now, it is ob- 
viously impossible to produce such a strictly uniform field 

that the force M^r~, due to the action of the field ^ on 

ax 

the magnetic moment M of the rod, is zero, but Kapitza 
and Webster state that this force can adequately be com- 
pensated by gravitational or other controls It is essential 
that dJ^jdx shall not vary appreciably diirmg the penod in 
which the experiments are made with the iron attached to the 
balance Kapitza and Webster have designed a special form of 
balance m which the iron rod is suspended from a horizontal 
torsion fibre, and this has been used by Webster in an mvesti- 
gation of the magnetic properties of bismuth exposed to stress 
The disturbances produced by ferromagnetic impurity in the 
metal system used to clamp B must, of course, be taken into 
account 

Difficulties occurred because of unavoidable changes of 
zero due to fluctuations in The latter were reduced to a 
minimum, by compensating for high frequency eddy current 
effects, by using an automatic field current regulator to 
prevent sudden changes, and by bracing the pole tips to 
prevent mechanical distortion when the temperature of the 
magnet rose 

Potter* has used the method m his measurements of the 
saturation intensity of magnetisation possessed by an iron 
• H H Potter, Hoy 3oc Proc A, 146 , 362, 1934 
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sphere at high temperatures, as described on p 202, m this 
case the iron sphere is fixed and the body B replaced by a 
movable coil of wire carrying a current 

The, Rankine Method A simple, but extraordinarily sensi- 
tive method of dealing with the properties of weakly magnetic 
substances has been devised by Rankine * 

Instead of fixing the magnet and allowing 
the specimen to move, Rankine fixes the speci- 
men and allows the magnet to move The 
apparatus, shown diagrammatically in Fig 29, 
consists of a light horizontal cross-bar suspended 
from a torsion head by a vertical metal strip of 
very low torsion constant From one end of the 
cross-bar a vertical cobalt-steel magnet SN is 
suspended by a fine silk fibre, while a brass rod B 
of equal mass is similarly suspended from the 
other end The magnet is about 6 cm long and 
weighs about 8 gm Such a system takes up an 
equilibrium position which is practically inde- 
pendent of the earth’s magnetic field, although 
no special mounting devices appear necessary 
to ensure this most desirable independence On 
bringing a cylinder of a weakly magnetic sub- 
stance parallel to and close to the magnet, it is 
attracted or repelled by both poles, and the 
magnet moves In practice the cylinder is so 
placed that only the upper pole of the magnet is 29 Rm 

really effective In the figure C, G represent *^^^'*^™*'** 
glass containers in which specimens may be placed A hollow 
copper cylinder, not shown, is placed round the lower pole to 
provide electromagnetic damping and thus render the motion 
of the magnet almost dead-beat 

Suppose that the couple acting on the magnet is F, then 
the angle of restitution, 0, through which the torsion head K 
must be turned to restore the magnet to its original position, is 
given by F/t -|- t', where r and t' are respectively the torsion 

• A 0 Rankine, Phya Soc Proc 46, 391, 1934. 
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constants of the metal and silk suspensions , t is usually much 
greater than t' It is, however, not necessary to turn the torsion 
head, for a suitable restoring couple may be provided by 
passmg a current of the order of a few milliamperes through 
a single long straight wire running horizontally, directly below 
the axis of the magnet and parallel to the cross-bar It is 
not possible mathematically to calculate the couple produced 
between the magnet and specimen Temple* has calculated 
the couple in the case of a hoiizontal magnet and a spherical 
specimen He has also shown that a small error anses because 
of the magnetisation of the specimen by the earth’s field In 
general, then, the apparatus must be calibrated by placing a 
hquid of known susceptibility in one of the containers 

A serious difficulty is encountered in the construction of the 
instrument, namely, the elimination of iron from all portions 
of the apparatus If a little free iron is present the spurious 
couples acting on the magnet may exert much greater control 
upon the motion of the magnet than the torsion of the metal 
suspension Consequently, all metal parts should be iron free, 
and, if possible, made of aluminium, copper should always be 
substituted for brass when aluminium cannot be used Special 
care is also necessary in the choice of s[»ecimens, although it 
would appear possible to devise a form of correction similar 
to that used by Owen and Honda, described on p 116 The 
method should, however, be particularly valuable in the study 
of gases and vapours, changes of state and changes accom- 
panying strain The efficient use of the apjiaratus really 
necessitates the provision of a special “magnetic” laboratory 
in which the vertical gradient of the earth’s field is small A 
satisfactory form of the apparatus! been used for a com- 
parison of the susceptibilities of H^O, HDO and DjO 

Measurermnta in Very Intense Fields A special balance is 
obviously necessary for the measurement of the considerable 
forces which are exerted upon a body when placed in a very 
mtense field In these crrcumstances dJF jdx may be as 

» G Temple, Phys Soc Proc 48, 393, 1936 

t H P Iskendenao, Phyi Rev 51, 1092, 1937 
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large as 10^“, when the corresponding force on unit volume of a 
weakly magnetic substance is of the order of 10 gm As such 
a force persists only for about 0 01 sec it must be measured 
balhstically by a balance with a very short period of oscillation, 
high sensitivity, and fairly low inertia Moreover, the balance 
must be critically damped, itself be unaffected by the field, 
and provide a large linear magnification of any displacement 
of the magnetised body 



An instrument designed by Kapitza* is represented 
diagraminatically m Fig 30 The specimen is placed in the 
container A attached to a glass rod, and so placed in the 
magnetising coil, mentioned on p 81, that it is pulled down- 
wards when the field is established and depresses the con- 
stantan diaphragm D The latter forma the floor of an oil- 
filled chamber communicating through a small outlet P with 
an outer vessel V, also oil-filled The exterior end of P is 
partially closed by a small mirror M, only 0 9 by 0 7 mm , 
cemented to a horizontal glass fibre supported between two 
vertical constantan strips The mirror could thus swing, as 

* P Kapitza, Roy Sw Ptoc A 131, 224, 1931 
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depicted in the enlargement. Fig 30a, to open and close the 
hole When the diaphragm D is suddenly depressed, od must 
find its way into the inner chamber, and, in so doing, cause the 
mirror to tilt In this way an achromatic spot of fight may be 
deflected on a horizontally moving photographic plate The 
hnear magnification so obtained depends on the ratio of the 
area of the conatantan diaphragm to that of the outlet, and 
on the distance between the mirror and the plate, the final 
magnification is arranged to be of the order 10^ Measurements 
are conducted in such a manner that an oscillograph gives a 
record of the value of the field current on the same jihoto- 
grajihic plate as the record of the tilted miiror Satisfactory 
determinations of susceptibility can be made in fields between 
85,000 and 200,000 oersteds The balance can be calibrated by 
applying weights suddenlj' by an electromagnetic device, so 
far it has been used for comparison measurements only 

The balance is free from thermal disturbances, since these 
can produce merely slow motion of the oil in the outlet A 
surprisingly steady zero is obtained, although the instrument 
is found to act as a delicate seismograph when a weight is 
attached to D Effects due to static friction and to gravita- 
tional control do not appear to arise Certain errors are inci- 
dental to the use of the veiy intense fields, namely, those 
jiroduced by eddy currents and by adiabatic magnetisation 
The first produce an apparent diamagnetism of tlie specimen 
when the field is increasing, and an apparent paramagnetism 
when decreasing so that some idea of their relative importance 
can always be obtained from the magnetisation record The 
second produce thermal changes which may alter the tempera- 
ture of the specimen, particularly during low-temperature 
determinations When a ferromagnetic or paramagnetic sub- 
stance IS suddenly placed in a magnetic field its temperature 
rises, while the temperature of a diamagnetic substance does 
not change, unless its diamagnetism is a function of the 
temperature Fortunately, the maximum changes of tem- 
perature due to these magnetocalonc effects, which are dis- 
cussed m detail m Chapter ix, are only about 1° or 2° C and 
can usually be neglected m susceptibihty determmations, 
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although these changes are much greater than those observed 
in measurements with electromagnets 

Madiofrequency Measurements If we place a paramagnetic 
within a coil forming part of an oscillatory circuit, there results 
a frequency change which can be measured by the heterodyne 
beat method The change m beat note is directly proportional 
to the susceptibility, when due account is taken of diamagnet- 
ism corrections and capacity changes caused by placing the 
substance inside the coil, such allowances may be found by 
repeating the measurements with a diamagnetic of similar 
chemical constitution Gorter* made experiments on para- 
magnetic alums at liquid hydrogen and mtrogen temperatures 
with frequencies of about 2 megacycles per sec The suscep- 
tibility was found to decrease by about 75 per cent with iron 
and chrome alums uhen a steady field of about 2000 oersteds 
was apphed parallel to the axis of the coil and by 20 per cent 
m the case of vanadium alum 

When an alternating field is applied to a paramagnetic the 
carriers follow it completely when the frequency is low, but if 
the frequency is too high they are unable to do so With inter- 
mediate frequencies there is a phase difference between the 
applied field and the magnetisation, so that energy is lost and 
heat IS dissipated in the paramagnetic This heat is found to 
be markedly reduced in the above cases v hen the strong steady 
field IS maintaired, and the following explanation fits the facts 
The steady field produces Zeeman separations much larger 
than the interaction energy between the spins so that changes 
in the distribution of the carrieis in the various Zeeman levels 
cannot be supplied at the expense of the coupling between the 
carriers Moreover, the weak coupling between the carriers and 
the crystal lattice cannot provide the necessary energy unless 
the frequency is sufficiently low, and appaiently this is not the 
case See Chapter xvi 

Correction for Ferromagnetic Impurity In measurements 
described above the possibility of the introduction of ferro- 

• C J Gorter Phyaica, 3 , 503, 998 and lOOfi, lD3b 4 TTO and 667, 1937 
Cf I Waller Zett fu.r Phys 79 , 370, 1032 Idf theory See alao A H Cooke and 
R A Hull, Proc Poy Soc A, 162 , 4(4 1917 
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magnetic impurity into the specimen or its container has 
frequently been emphasised Such impurity is often very 
difficult to remove and the elimination of the effects to which 
it gives nse must now be considered Little is known of the 
precise way in which ferromagnetic impurities behave when 
they are finely divided and spread throughout the body of a 
specimen It is often stated that a small amount of iron 
introduced into copper or even a large amount into aluminium 
will not exhibit ferromagnetic character In the case of liquid 
mercury iron amalgams, the iron appears to exist m a colloidal 
form and rises to the top of the fluid A di op containing nearly 
all the iron can be removed from the surface m a magnetic field 
In frozen mercury-iron amalgams the ferromagnetism of the 
iron IS defimte enough even in concentrations of lO'^gm iron 
in 100 gm mercury 

If the quantity of ferromagnetic impurity la not too large 
the magnetic effects can be eliminated by a method due to 
Honda* and Owen It is assumed that in strong non-umform 
fields while the diamagnetic or paramagnetic constituents of 
a specimen experience forces proportional to the 

ferromagnetic impurity is saturated and experiences a force 
proportional to dJ^jdx Thus, when measurements are made 
by the Curie or Faraday methods the apparent susceptibihty 
hjf, of a substance in a field is connected with the true 
susceptibility in an extremely high field by the equation 
k„ = l^-c'cTj.7f, (81) 

where tr, is the saturation specific magnetisation of the im- 
purity of concentration c' gm per c c of specimen The value 
of may be found by plotting values of kjf against the corre- 
sponding values of and finding the intercept at 1/^ = 0 
Equation (81) does not correctly express the results obtained 
by the Gouy method As Vogt’f showed, in this case the ex- 
pression on p 97 may be written 

mg = a I l^~dx, (82) 

Jo dx 

* K Honda, der Phys 32, 104R, 1910, M Owen, j4n?i drr Phys 37,657, 
1912 f R VogL, Afin der Phya 14, 1, 1932 
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where / is the intensity of magnetisation of the material 
lying between a: and 2 : + (Zz of Fig 23 a The quantity 7 contains 
a paramagnetic; or diamagnetic contribution which we may 
separate from the ferromagnetic, thus 

= +af c'crdJ^y, (83) 

2 L JjCj Jjr„ 

where e'er is the intensity of magnetisation of the impurity m 
the held JSTy 



Referring now to Fig 31, where the curve OB is supposed 
to represent the cV, curve for the ferromagnetic, impurity, 
it is seen that the last equation may be rewritten 

mg = a O'B'BC 


But, since the area O'B'BC = area O'A'BC — B'A'B 

= 6'(7,(3r-y^„)-Q, 

and 2mgloc{'^’^— 5fp“) is the apparent susocptibility kjf in a 
field we have 

7. _z. , 2Q 

and when is small, 

2cV„ 2Q 


k,r =k^ + 




(84) 

(85) 


In general 3^ is so large that the last term m (85) may be 
neglected, and the equation reduces to the form (81) except 
that 2it„ replaces cr^ The equation 


kjie — Ic, 


2r <T 

a 

JT 
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appears adequate for moat purposes when the Gouy method 
IS used, and Bates and Illsley* have used it as a means of 
finding how cr^ vanes with the concentration of iron in a series 
of mercury -iron amalgams 

Temperature. Control It is often necessary to determine 
the susceptibility of a substance over a wide range of tempera- 
ture, and electric furnaces designed for this purpose must fit 
into the relatively narrow space between the pole pieces of a 
magnet Such furnaces have been described by Foex and 
Forrer They consist of a silver tube closed at one end and 
covered with a layer of mica on which is wound, non-mduc- 
tively, two or more layers of niclirome strip or platinum wire 
These are held m position by a dried paste of kaolin and water 
The whole is covered with layers of mica and shpped inside 
a coohng jacket consisting of two concentric tubes of brass 
through which water is circulated, the function of the coohng 
jacket IS, of course, to prevent heat from reachmg the pole 
pieces, thus causing fluctuations of the magnetic field, and to 
prevent convection currents in the measuring apparatus The 
temperature distribution in such a furnace must be known, 
and when used with its closed end uppermost, it is customary 
to fit a metal thimble inside the upper end of the furnace to 
assist in providing a uniform temperature distribution The 
latter may also be attained by winding the furnace in sections 
and supplying different currents to the several sections 

For temperatures up to 400° C , a thick copper tube on 
which IB a layer of China clay, or of asbestos coated with 
“Purimachos” cement, and wound non -inductively with 
layers of mchrome strip embedded in the same cement, may 
be used The whole is wound with asbestos cord and placed 
inside a cooling jacket, a satisfactory form of jacket which 
can be detached and used with different furnaces has been 
described by Bates and Baqi f When a long furnace such as is 
necessary for Gouy measuiements is used with the open end of 
the tube uppermost, uniformity of temperature distribution 
IS assisted by placing a short tube of copjier foil inside the 

• L F Bute'S and P F lUsloy, Phys Soo Proc 49, ()H, 1937. 

t L F Bates and A Baqi, Phys Soc Proc 40, 7B1, 19Jb 
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upper portion of the furnace and allowing it to project for a 
short distance Very satisfactory furnaces* for use up to 
600° C can be made by coating thick copper tubes, inside and 
out, with “Insalute” cement, the windings being directly 
embedded in this cement, layers of mica being unnecessary 
For very high temperatures “alundum” tubes wound with 
molybdenum, embedded for convenience m magnesia, must be 
used It IS important to note that, m using the Kapitza and 
Webster distorted field method of measuring magnetic 
susceptibihties, particular care must be taken m selecting 
non-ferromagnetic furnace materials, and the furnace should 
be heated by alternatmg current The stabihsation of a 
furnace current is always important, and a method used by 
Potter with direct current is described on p 89 Arrange- 
ments for low-temperature measurements are described m 
detail in the following chapter See Note 7. 

Susceptibilities of Gases In measuring the susceptibihty of 
a gas two main difficulties are encountered First, while volume 
susceptibilities ranging from 10“® to 10"“ e m units per c c 
are usual in the cases of solids and hquids, values of the order 
of 10“^“ are found for many gases at n t p , it is true that a 
gas can be compressed and its volume susceptibility pro- 
portionately moreased, but there is a limit to the degree of 
compression and a hmit to the dimensions of the contamers 
which can be used in magnetic measurements Secondly, 
whereas oxygen is strongly paramagnetic with a volume sus- 
ceptibility of 0 162 X 10 ® e m units per c c at N t p , the 
majority of gases are weakly diamagnetic Consequently, a 
minute trace of oxygen present as an impurity may profoundly 
affect the value obtained for the susceptibility of a gas For 
example, the presence of 0 01 per cent of oxygen in hydrogen 
would mean a possible error of about 9 per cent in the deter- 
mination of the susceptibility of the latter Hence, the 
purification of the gas is a matter of great importance It 
follows that m dealing vith gases relative measurements are 
the rule, and we shall now consider some of the experiments 

* L F Bates, R E Gibbs and D V Beddi Pantulu, Phys Soc Proc 48, 665, 
1936 
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Son6* used the Gouy method with a particularly sensitive 
balance, which was well damped and provided with a Kelvm 
mirror system to indicate its equilibrium position Because of 
its high Busceptibihty, air was confined under pressure m the 
upper portion of a tube divided hke that shown m Fig 23 b on 
p 98, the lower portion being evacuated, 
and the magnetic pull found in the usual 
way The magnetic susceptibility of the air 
was measured in terms of the susceptibibty 
of water, with which the upper portion of 
the tube was later filled The susceptibibty 
of the air being known, it was now confined 
under atmospheric or slightly higher pressure 
in the upper portion and the magnetic pull 
compared with that found when the air was 
replaced by a gas under pressure The 
method gives valuable results, particularly 
in the case of a gas like oxygen, which 
can be used as a standard in comparison 
measurements 

Stossel’s Experiments A modified form of the Gouy 
method was also used by ytosself in a study of the magnetic 
susceptibility of nitric oxide, NO, which is of considerable 
theoretical interest Stossel’s apparatus is shown diagram- 
matically in Fig 32 From the left-hand side of the special 
balance is suspended an evacuated quartz tube Q, and from the 
nght-hand side a glass tube E contammg erbium oxide, which 
IS strongly paramagnetic The balance chamber and the tubes 
surrounding the suspensions can be evacuated The lower 
portion of the quartz tube hangs in the field of an electro- 
magnet If the apparatus is evacuated, then Q is pushed 
upwards when the field is excited, and it can be restored to its 
original position by passing a suitable current through the 
solenoid S in order to pull the tube E upwards The square 
of the current is a direct measure of the force on the quartz 
tube The necessary arrangements for the initial adjustment 

• T Soni, PhU Mag 39, 106, 1930 

I K Ann der Phys 10, 393, 1931, 
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of the balance are not shown in the diagram After a gas has 
been admitted to the apparatus a different current m the 
solenoid will be required to gi\ e equilibrium when the field is 
on, and the difference in the squares of the two currents 
measures the susceptibility of the gas The apparatus is cali- 
brated by using oxygen as standard 

The minor M is used to magnify the motion of the balanee, 
and the sensitivity is necessarily very high The mam interest 
in the study of nitric oxide is the variation of its susceptibility 
with temperature, for at low temperatures Van Vleck’s theory 
requires that its susceptibility be zero rising to a high value at 
higher temperatures, as described on p 47 Hence the con- 
taining tube C IS immersed in liquid oxygen for low-tempera- 
ture determinations It is imperative that the susceptibdity 
of the erbium oxide be maintained constant, and the container 
IS water-cooled by means of the jacket JJ Solid NO has been 
found by Lips* to iiosscss a weak paramagnetism independent 
of the teinpeiature 

Modern, Fan, in oj Faraday’s Method, Most of the modern 
methods for comjiaring the suscejitibihties of different gases 
are really elaborations of a method originally designed by 
Faraday for cortqiaring the susceptibilities of different sub- 
stances 111 the foim of rods Each rod was suspended in turn 
from the same torsion fibre to hang fioiizontally between the 
poles of an elcctiomagnet, uniform or nun-uniform fields may 
be used The magnitude and direction of the rotation was 
obseived when the held was excited 

For exainjile, Glaser,t in his measurements on the sus- 
ceptibilities of diamagnetic gases, used a small composite glass 
rod or test body, which he suspended from a long fibre so that 
in the absence of field it set at an angle of 45° with the line of 
centies of a pair of conical pole pieces It was only slightly 
paramagnetic and made by attaching a strip of paramagnetic 
glass to a rod of diamagnetic glass When the field was 
established the rod tended to set along the line of centres and 
was restored to its original position by turning the torsion head 

• E Lips, Htdv Fhys Acla 8, 247, 1935 
t A Giatjfr, Ann der Phya 75 , 459, 1924 
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The magnitude of the torsion couple depends on the nature of 
the gas surrounding the teat body If 6g is the angle of torsion 
when the test body is in vacuo and 9^ when m hydrogen at 
known pressure and temperature, then 0■^^ — dg is proportional 
to the susceptibihty of hydrogen under these conditions, and 
the apparatus may thus be calibrated in terms of hydrogen 

Serious errors may arise in such measurements through 
radiometric action, unless the walla of the vessel containing 
the gas are kept at a uniform temperature This requirement 
means that the pole gap must not be too narrow and the poles 
must be kept cool Temperature control is also necessary, 
smce the paramagnetism of the test body is a function of 
temperature, which must therefore be kept constant to within 
0 01° C The evacuation and refallmg of the container may pro- 
duce electiostatic charges upon the body whicli the fibre, if of 
quartz, will not conduct away Finally, the field must be kept 
constant, e g by means of a bismuth spiral, as described on 

p 80 

In connection with Glaser’s work brief mention must be 
made of what is known as the Glaser anomaly He found 
that the volume susceptibility of a diamagnetic gas was not 
a linear function of its pressure This result has not been 
verified by other workers, and vaiious suggestions have been 
made to account for it It has been shown that Glaser’s results 
can be reproduced by the presence of moisture, but no satis- 
factory explanation of the mode of action of the moisture 
has been given The anomaly is not found with pure and 
efficiently dried gases 

Special Test Bodies The accuracy which may be attained 
m measurements by the method just described has been con- 
siderably improved by Bitter,* by Hammarl and others, by 
the use of specially designed test bodies The special design 
used by Bitter is shown in Fig 33o, it consists of a cylindrical 
vessel of pyrex glass (diamagnetic) divided into four equal 
chambers or quadrants and mounted on the stout glass fibre 
ER One pair of opposite chambers are open, the other pair 

* F Bitter, Phya Rev 35, 1572, 19J0 
t G W Hammar, Nat Acad Sci Proc 12, 597, 1926 
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BB are evacuated and sealed Round the apparatus a single 
turn of copper wire is placed to provide electromagnetic 
damping The system is suspended from a quartz fibre so that 
the cylinder hes between the poles of an electromagnet The 
small glass rod D, fixed with a tungsten spring, is so mam- 
pulated that, when the containing vessel, and, hence, AA, are 
evacuated, the system sets as shown in Fig 33 6, whether the 
field IS off or on When gas is admitted it enters AA and upsets 
the magnetic equilibrium, so that a deflection results when the 



Fig 33 Teat body for gases (Bitter ) Fig 34 Test body for gases (Havens ) 
magnet is excited If the gas is paramagnetic the system tends 
to turn anticlockwise, as seen m Fig 336, and clockwise if the 
gas IS diamagnetic The angle through which the torsion head 
IS turned to restore the cylinder to its origmal position in the 
absence of the field is therefore a direct measure of the sus- 
ceptibibty of the gas under the observed conditions of pressure 
and temperature 

Havens* has made a careful study of the behaviour of 
test bodies of different designs, that finally preferred being 
shown m Fig 34 It consists of two evacuated spherical bulbs 
of quartz connected together and compensated by a small 
quartz rod The whole system weighs only 0 1 gm , and is 
coated with gold so that it can be earthed to remove electro- 
• G Havens, Phys Bev 41, 337. 1932,43, 992, 1933 
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static charges from its surface Indeed, Havens coated the 
whole of his apparatus with gold to avoid electrostatic disturb- 
ances He paid much attention to the accurate centering of 
the fibre with respect to the torsion head Extremely high 
sensitivity was attained, e g with oxygen at a pressure of 
18 3 cm of mercury the twist of the fibre was 454 65 complete 
revolutions for a field of 7600 oersteds, and it seems clear that 
these results are the most accurate so far obtained 

Measurements with Vapours Very few experiments have 
been made with vapours mamly because of the lack of know- 
ledge of vapour densities and because in many cases they 
attack the walls of the contaimng vessel Measurements on 
paramagnetic vapours have been made by the Cune method by 
LaUemand* and Neel •)■ The hquid whose vapour is to be 
investigated is sealed inside an evacuated bulb, leas than 1 c c 
in internal volume, with stout walls The bulb is attached to a 
translation balance like that descnbed on p 107, and the 
temperature of the bulb is raised until all the liqmd is converted 
into vapour, when magnetic measurements are commenced 
The mam difficulties of expenment are at once apparent 
The small quantity of the hquid, some few mg , must be weighed 
accurately before the bulb is sealed The walls of the bulb are 
so thick that the necessary corrections are large Moreover, in 
all cases the experimenter is dependent upon data for the 
dissociation phenomena exhibited by the vapour, which are 
often unreliable and inadequate Forexample, Neelin working 
with sulphur vajiour had to allow for the presence of Sg and Sg 
molecules He found from three concordant sets of observa- 
tions that sulphur vapour is paramagnetic, the susceptibility 
decreasing more rapidly than the Curie law predicts and giving 
at 600° C equal to 2 3 LaUemand used iron perohlonde 
FeClg and found that its molar susceptibility decreased from 
9 98 X 10“^ at 125° C to 4 69 x 10“’ units at 327° C , where all 
the material was in the form of vapour, from 327° to 430° C 
the susceptibility was constant at 4 69 x 10“’, after which it 
agam decreased with rise in temperature 

• A LaUemand, Compt fiend. 194, 1726, 1932 
t L N6el, Compi Rmd 194 , 2035, 1932 
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Apparently the above data can only be supplemented by 
some obaervations on the behaviour of potassium vapour 
between 300° and 500° C obtained by a circulation method 
devised by Lehrer * In principle the method is easy to follow, 
but its experimental working must be very difficult Over the 
above range of temperature giving potassium vapour pressuies 
of 0 5 to 30 mm of mercury, Lehrer found the atomic suscepti- 
bihty to be 33 6 x 10'® with C = 0 38, with an accuracy of 
about 10 per cent It would appear that the Rankine method 
described on p 110 would be most useful for the investigation 
of vapours 

Discussion of Experimental Data From the theoretical 
considerations of Chapter l it is clear that measurements of 
susceptibihty m the case of weakly magnetic materials are 
generally of restricted use unless they are made over a 
sufficient range of temperature and at different field strengths 
to ehminate the effects of ferro-magnetic impunty, if necessary, 
and to see that the susceptibihty is not a function of the field 
The experimental values of the mass susceptibilities of the 
elements are reproduced in Table II 
A few interesting points may be brought out by marking 
the distribution of the diamagnetic and paramagnetic elements 
on a curve of atomic volume plotted against atomic number 
In general, the peaks of the curve are occupied by paramagnetic 
elements of the alliali metal group, while in the troughs the 
paramagnetics are arranged on the sides of lower atomic 
number and the diamagnetics on the sides of higher atomic 
number Some interesting features are also brought out when 
the logarithms of the atomic susceptibihties of the diamagnetic 
elements are plotted against their atomic numbers, for many 
of the elements in each vertical column of the periodic table 
he ac curately upon one of a senes of straight hnes 

Much of the theoretical discussion m Chapter i was devoted 
to the significance of the spectroscopic states of atoms and 
ions, and we must now see how the effective magneton number 
of a paramagnetic ion of any element may be obtained from 

* E liOhrer, ,4n7i der Phys 81, 229, 1927, cf W Gerkch, JJejj of the Internal. 
Congresa of Physiea, Como, 1937 and K E Mann, Zeat fur Phys 98, 648, 1936 
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experimental measurements The importance of these 
measurements in physics and chemistry lies in the fact that 
they are made upon atoms and ions m the normal and not in 
an excited state, although, of course, the influence of neigh- 
bouring particles may produce disturbances, while spectro- 
scopic measurements can only be made on particles which are 
m an excited state 

There are two methods of attack First, we may make 
measurements on hydrated salts containing the metallic ion 
in question, m which case, cf p 48, it is supposed that the 
molecules of the water of crystallisation have little effect on 
the magnetic properties The measurements must be made at 
a series of know n temperatuies to determine whether the Cune 
law IB obeyed after correction has been made for the diamag- 
netism of the non-metalbc ion, water of crystallisation and the 
core of the metalhc ion, fortunately, the corrections are usually 
small The corrected values of the molar susceptibihty are 
then plotted against the reciprocals of the corresponding 
absolute temperatures, or, the reciprocals of the corrected 
molar susceptibilities are plotted against the temperatures 
The former method of plotting has the advantages that any 
errors in correcting for the diamagnetic contributions are leas 
important and any errors in the individual measurements are 
less likely to be misinterpreted Special features of various 
methods of plotting have been discussed in detail by Klemm* 
and Vogt f 

If the Curie law is obeyed, then from either graph the Curie 
constant C can be deduced and mserted m the equation 

C/T =pltt/^%{N^l3Rn 

corresponding to equation (11) of p 16, where is the 
ejfectim number of Bohr mngneions to which the magnetic 
moment of the ion is equivalent Hence 

= ^3RCIN/j.jj = V^BC/5665 = 2 839 VC (86) 

In the hterature results are frequently stated in terms of 
Weiss magnetons, in which case the effective number of Weiss 

* W Klemm, Magnetochemie, p 113 1936 
■f E Vogt, Ann der Phys 29, 3SB, 1937 
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magnetons, pj^ , to which the magnetic moment of the ion is 
equivalent is given by 

Pjt = = V3iJC/1125 6 = 14 OSVC, (87) 

but, as the Weiss umt has no theoretical significance, we shall 
not employ it 

If a Curie -Weiss law is obeyed, then 


and 
Pea ~ 


(XMU = ciT-e 


5565 


= 2S39^(Xm)+{T-0) 


(88) 


The second method of attack involves measurements with 
aqueous solutions of diS'erent concentrations of the ion in 
question at a fixed temperature, say 20° C The molar 
susceptibility of the dissolved salt may then be calculated, 
assuming Wiedemann’s law, p 13 If it is found that the molar 
susceptibility of the salt is independent of its concentration, 
then it is further assumed that the paramagnetic ion obeys 
Curie’s law Let (xm) be the molar susceptibihty of the salt m 
solution Then(yjf)+ = (xm) - (AIm)- ( the value of (y;jf)_ being 
negative since the non-metalhc ion is diamagnetic), and we 
may write (Xm). = C/293, 

so that 

Pe„ = — = 2 839 ( 89 ) 


However, few experiments have been made with solutions 
over a sufficient temperature interval to justify the assumption 
that Curie's law holds generally, and those of Liqmer-Milward’* 
with solutions of cerium chloride over the range 7° to 70° C 
give (Xm)+(T + 6) = 0 762, where 61 varies from 45 to 63 over a 
range of concentration of 8 to 37 5 per cent of the anhydrous 
salt Here, assuming Curie’s law to hold, p^j, would vary in 
this range of concentration from 2 31 to 2 27, but, when the 
above Curie-Weiss law is assumed, the value of p^,, is inde- 
pendent of concentration and temperature and equal to 2 50 

* Joanne Liquicr-Milward Pfii/s Soc Proc 47, 659, 1935 See also G Dupouy 
and G Haenny, Compt Ilend 199, 843, 1934 
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Ions of the, Bare Earth Oroup Itis unfortunate thatsome of 
the most mteresting materials from a magnetic standpoint are 
the rare earth salts of which many are very expensive and 
difficult to prepare in a pure state The paramagnetic properties 
of the ions arise from the 4/ electrons which are situated well 
inside the atom The experimental data have been thoroughly 


TABLE IV magnetic AND SPECTROSCOPIC DATA 
FOB IONS OF THE RARE EARTHS* 
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• Values of the Curie constant for Dy ' + Ho' and Er'’ for the powdered 
oxides ha\e been given recently by M B Cabrera {Compt Rend 205, 4(X), 1937) 
andfor Er^+'*’ and for the ortahydrated eulphatea bv L C Jarhaon 

{Phya Soc Proc 48,741,1936) For work on and see P W Selwood, 
Journ Amer Chem Rnc 55, 4801, 19JJ, iind 56, 2192, 1934, lui wurk uu Nd’*”*”*’ 
ato L C Jackson, Roy Roc Proc A, 170, 270, 1939 


sifted by Gorterj' and by Van Vleck.J and the final weighted 
mean values of are given in Table IV, together with the 
relevant spectroscopic data and the values of calculated 
from the expression 3 1) of p 40 In the final column 

I C J Goiter, Arch du Mus^e Teyler, iSiSne in, 7, 183, 1932 
j J H Van Vleck, Electric and Magnetic SuacejUibilities, p 243, 1932 
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are given the values of calculated from the more complete 
V an Vleok theory The experimental and theoretical values are 

plotted m Fig 35 They show that the values of 

from equation (27) of p 40, derived for the case of wide 
inultipleta, agree well with experiment except m the cases of 
Sm+++ and Eu+++, where special conditions obtain Here, the 
values of L and S are such that when they are antiparallel the 
value of i — iS IS small and the energy difference between the 



Fig 35 CfilculatMl and observed ni'i.gnetic momenta 

1 j)etr^y''fJ(y+l) 

2 -- VanVlotk 

The Hiirk lines represent the range of observed values (Gorter ) 

states of an ion for the two lowest values of J is small, because 
it IS proportional to the difference in the values of J{J + 1), 
even though the overall multiplet width i e the difference in 
energy between the states with the highest and with the lowest 
value of J , is large Moreover, the temperature-independent 
paramagnetism of p 43 js important in these cases In 
Table IV the two separate values for calculated by Van 
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EFFECTS OF CRYSTALLINE FIELDS 

Vleck for Sm+++ and Eu+++ differ in the values assumed for the 
screemng coefficients, representing the effect of the electrons 
surrounding the nucleus in reducing the action of the nuclear 
charge upon the 4/ electrons, which is used in calculating the 
term separations 

The expression for the susceptibility which must he used 
in the cases of Eu+++ and Sni+++ is 

N 2 {[/i| giJ{J+l )/3kT] + a{J)]{2J+l) 

/ 

where the temperature-independent term ac(J) is given by 


/ \ 

r f ( J ) _^/(^ -1-1)1 

\6{2J+l)h} 



where f(J) = JI.+ 1)“- J“] (;S- i)2], 

and the smallness of the frequency intervals j and 
j make a{J) appreciable The experimental data have 
been discussed in detail by Frank,* and the agreement between 
experiment and theory is as good as can be expected, the theory 
in the case of Sm+++ predicting a minimum value of x m the 
region of 120° C , which has been observed In the case of 
Eu+++ the theory indicates that x should become constant at 
low temperatures, but expeiimeiital data to test this are not 
yet available 

The effect of ciystalhne fields, p 49, is very marked m the 
case of certain ions of the rare earth group Penney and 
Schlappf considered the behaviour of Pr’*^’*^''' and Nd’’"*"*' m 
their hydrated sulphates and showed that good agreement 
between experiment and theory is obtained on the assumption 
that the crystal field has cubic symmetry Both ions obey 
a Curie-Weiss law over an extensive range of temperature 
above — 150° C , but whereas the curve of (1/x. T) for Pr’*"'"* 
turns upwards at very low temperatures that for Nd’*"*'^ turns 
downwards apparently to run through the origin 

* Amelia Frank, Phys Rev 39, 119, 1932 
t G, Penney and R ^chlapp, Phys Rlv 41, 194, 1932 
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No of 
rloc 
troii'i 

IH 

19 

20 
21 
22 
2J 

24 

25 

20 

27 


SUSCEPTIBILITY MEASUREMENTS 

Ions of the Iron Group The espenmental data for ions of 
the non group have also been examined by Gorter* and the 
mam experimental results are given in Table V, together with 


TABLE V MAGNETIC AND SPECTBOSCOPIC DATA 
FOR IONS OP THE IRON GROUP 





1 


^pIT 

exp 




Ion 

Normal 

L 

1 

,s 

J 

g-^AJ+l) 

■4,/LiL+l) 

V +iS(5+l)| 

piscs+l 



0 

0 

0 

dm 

0 

0 

0 

Sr++Ti‘*'++V'*-+++ 

■D, 

2 

4 

3 

1 7J 

1 55 1 

3 01 

1 73 

^1++^ +++ 


3 

1 

2 

2B3 

1 63 

4 49 

2 83 

V++Cr+++Mn'‘+-' + 

‘I’l 

3 

i 


J82 

0 70 

5 21 

3 87 

Cr'*"'‘Mn+++ 

■iJ, 

2 

1 

0 

4 81 

0 00 

5 50 

4 01 

++ 

■s, 

1) 


<1 

5H5 

1 5 03 

' 5 94 

5 92 

Fo++ 

■D. 

2 

2 

4 

6 52 to 

5 22 

f.71 

5 50 

4 91 

Co++ 

<F, 

* 

i 

II 

5 201(1 

4 41t 

6 63 

1 

5 21 

3 87 

Ni++ 

■F, 

J 

1 

4 

123 

5 50 

1 4 49 

2 83 


■I'l 1 

- 

1 

£ 

J 02 to 

1 81 

3 55 

3 01 

1 73 


I The value for has been shown by Cbatillon {Ann de Phys 9, 1B7. 
1929) to depend on the mode of propiuation and histoi> of the matenal 


the relev ant spectroscopic data and the values ofp^u calculated 
from the expression g\^J {>/ + 1 ) It is clear that these calculated 
values in no wise represent the experimental results It is 
hkewise seen that the values of calculated from 
^IL[L+\) + 4S{S+T), 

1 e assuming narrow multiplets, are also unsatisfactory Now, 
in these ions the paramagnetism arises from the 3d electrons 
which are not deep-seated in the atom, and Stonerj suggested 
that interaction between neighbounng atoms caused the 
orbital moments to be completely quenched, leaving only the 
spins effective, as descnbed on p 47 Hence, as on p 48, 
we may write = 4iS(S~+l), and then the values given 
in Table V show that agreement between experiment and 
theory is much more satisfactory, although in many cases it is 
obvious that the quenchmg of the orbital moments is by no 

• Goiter, loc cvl 

t E C Stonerj PhU Mag B, 260, 1929 
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means complete It should be pointed out that the experi- 
mental values for differ widely according to the material 
used and the results of different observers do not always agree 
An indication of the extent of experimental variations is 
shown in the curve of Fig 36, and it would seem that more 
measurements by absolute methods are desirable 



Number of Electrons in Ton 
Fig 36 Calculated and observed magnetic momcnte 

1 ye»==V4A' (.S’-|T) 

2 - pert=(7 VJ(/ + l| 

3 pen - VI(Z + 1 ) + 4A'(.V-f )) 

The thick lines represent the range of observed values (Gorter ) 

We have seen that in salts of the iron group the orbital 
momenta are quenched, and it is pertinent to enquire whether 
a strong crystalhne field can do even more It can be shown, 
if it disrupts the Russell-Saunders coupling, that the lowest 
energy state of the ion becomes one of smallest spin, instead of 
one of maximum spin under the Hund rule Van Vleck* has 
shown that this accounts for the low values of the suscepti- 
bilities of iron cyanides and ceitain cohaltamines The com- 
plex ions such as re(CN)j'*'+++ are diamagnetic when the total 
number of electrons is even, and complex ions like re(CN)ii^++ 
with an odd number of electrons give susceptibilities cone 
spending to S = ^, L = 0, while the Hund rule would require 
• J H Van Vleck, Jowrn of Vhem Phys 3, B07, 1935 
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SUSCEPTIBILITY MEASUBEMENTS 


HUBCeptibiJities corresponding to ®S states For instance, 
Howard* found that K3Fe(CN), gave a susceptibility corre- 
sponding to one electron spin only, plus a contribution from 
unquenched orbital momentum which practically doubled this 
value except at low temperatures, and showed large amso- 
tropy which could be explained by the superposition of a 
small rhombic field upon a cubic one The magnitude of the 
crystalline field in the hydrated sulphate is not sufficient to 
break down the RusaeU-Saunders couphng 

U aefid M agnehc Data The following data are given because 
of their importance in experimental determinations The 
units of susceptibihty are e m units per gm 


Subetante 

Maas suflcDptibility ic 10" 

Watorf 

-0 72145 ±0 00948 



-(0 OOOJOB) ((-2 

0) at (" r 

Mercury 

-0 lt)8 

at 1S“ C 

Manganese sulphate, MnS 04 4HjO (solid) 

t)'5 20 

at 17" r 

Ferrous ammonium bulphatu, 

32 6 

at 17 2"C 

FcS 04 (NH 4 )sS 04 0HaO (solid) 

Potassium Chloride (in solution) 

-0 528 



Apparent (Ionic) Susceptibilities of Ions in Aqueous Solution 
(Hoare and Bivndley)\ 


loo 

Molar Huscopti 
bihty X lO" 

H+ 

+ 38 

Na+ 

- 56 

K+ 

- 14 0 

Cl- 

-25 1 

NH,+ 

-It) 0 

so.— 

-43 0 


Corrections for Diamagnetism of Atomic Cores are given by Van 
Vleck, Electric and Magnetic Susceptibilitiea^ p 225, 1!J,'J2, by 
Sommerfeld and Bethe, Geiger Srheel Handbuch der Physik, 24, 
Part II, 278, and by Facault, La Revue Saentifigue, ill, 169, 1947 
See Chapter xiii 

* J B Howard, Journ Chem Phya 3, 813, 1935 

t Cf H Auer Ann der Phya 18 593, 1933, and b Seely, Phya Pev 49, 812, 
1936, cf also P Stve, Congr Intern (TEleetricUi, 3, 231, 1932, for resume and 
survey of measurements to 1932 

f F E Hoare and G 3Y Brindley, Trane Farad Soc 33, 268, 1937, and 
Phya Soc Proc 49, bl9, 1937 
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CHAPTER TV 


THE MAGNETIC PROPERTIES OF CRYSTALS 

Theoretical Considerations Measurementa of the auscepti- 
bihtiea of laotropic or polyoryatalhne aolida have heen deacnhed 
m the preceding chapter, where it was aaaumed that the direc- 
tion of magnetisation always coincides with the direction of 
the applied field When, however, a small single crystal of a 
weakly magnetic substance is placed in a magnetic field, m 
general the direction of magnetisation does not coincide with 
the direction of the apphed field In other words, there are 
usually diiections of maximum and minimum susceptibihty 
in the crystal, which is then said to be magnetically anisotropic 
In all cases to be dealt with in this chapter it will be assumed, 
unless otherwise stated, that the mduoed magnetisation is not 
sulfioient to produce marked distortion of the apphed field 
The sim])le eneigy equation of a crystalhne substance in a 
magnetic field in an evacuated space is 

+ + (90) 

where etc represent the susceptibilities of the crystal 

referred to the system of coordinates x, y, z, and the integral is 
to be taken over the whole volume of the crystal whose shape is 
not yet specified When the system of coordinates is so chosen 
that the direction of the apphed field coincides with the x axis, 
then = 0 and equation (90) is simphfied, giving 

= -ifkjf.J^^(iv, (91) 

where the value of kj^, the susceptibility of the crystal m the 
X direction, clearly depends on the direction of^ 

Now, the magnetic potential energy cannot be changed 
merely by manipulation of the axes of reference, hence, it 
follows that 

^11 "f d" + "t" "t 

(92) 
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MAGNETIC PROPERTIES OF CRYSTALS 

or, if Zj, TOj and are the direetion cosines referred to the 
system of coordinates x, y, z, 

(93) 

an equation which gives the relation between the suscepti- 
bilities tji, etc and the effective value kjf observed in the 
direction of the applied field, Jf 

Equation ( 93 ) may be simplified by introducing the experi- 
mental fact that there exist m the crystal three mutually 
perpendicular axes, the principal magnetic axes, which are 
defined by the relations ^12 = ^^23 = ^^31 = 0 and ijj = k^, 
^22 = ^3> ^33 = k^, where k^ and k^ are termed the principal 
susceptibilities along these axes If the held makes angles 
with these axes whose direction cosines are I, m and n, then 

k^l^ + k^m^ + k^n^ = ^jp (94) 

Corresponding to kj , k^ and X, we have mass susceptibilities 
AIi> Xi note that measurements with 

powdered crystals give us (ki + k2 + k ^)/3 or {Xi + Xi'^ Xi)!^ 

The Significance of Measurements on Single Crystals In 
earlier chapters the importance of susceptibility measurements 
on single crystal specimens has been indicated to some extent, 
but it 18 now desirable to consider in detail the nature of the 
information which they may be expected to provide It is 
convenient to treat diamagnetic compounds, paramagnetic 
compounds and metallic single crystals separately, as the 
information we obtain is quite different in the three cases 
Diamagnetic anisotropy, which is m general small, must be 
conditioned by the structure of the individual molecules and 
their arrangement in the crystal lattice Consequently, if, for 
example, in the case of an organic compound there exist 
adequate X-ray data to decide how the molecules in the crystal 
are arranged, then a knowledge of the susceptibihties along 
chosen directions in the crystal ought to be sufficient to deter- 
mine the magnetic properties of the mdividual molecules In 
this way, the principal susceptibilities of naphthalene and 
anthracene molecules may be found. Alternatively, a know- 
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ledge of the magnetic properties of the individual molecules 
derived from other measurements, such as the magnetic double 
refraction of the molecules in the liquid state, may be used to 
suggest the arrangement of the molecules in the crystal, and so 
to supplement the results of X-ray analysis Indeed, the help 
which can be thus obtained from magnetic measurements is 
very considerable 

Paramagnetic anisotropy, which may be very large, must 
anse from entirely different causes The hypothesis of the 
existence of crystallme fields of definite symmetry has been 
discussed on p 47, where it was explained that they would 
account for the quenching of orbital momenta in the case of 
salts of the iron group If these fields are not sj'mmetrical 
then the crystal must possess definite directional properties 
Obviously, the directional properties of representative para- 
magnetic crystals must be known before the nature of the 
crystalline fields which would account for them can be decided 
The changes in these diiectional properties with temperature 
must also be determined, for it may ha])pen that by the super- 
position of two fields, for example, a cubic field with one set of 
axes and a rhombic field with a different sot of axes, the princi- 
pal axes of the susceptibility change with temjieratiire While 
the presence of marked magnetic anisotropy may thus be taken 
to give definite information concerning the nature of the 
crystalline fields, the presence of weak magnetic anisotropy 
may also give interesting information Thus, the magnetic 
anisotropy of the Mn++ ion in manganese ammonium sulphate 
IS exceedingly small — practically of the order of diamagnetic 
anisotropy — showing that the ion is in an S state 

The magnetic anisotropy of metallic single crystals has 
recently become of considerable interest m connection with 
the electron theory of metals and with modern work on 
atomic order and disorder A knowledge of the anisotropy 
properties of single crystals of ferromagnetic metals enables 
us to account for many phenomena of technical importance, 
such as , for instance, why certain alloys of ferrom agnetic metals 
are markedly sensitive to stram and to special types of heat 
treatment In the foUowmg sections we shall discuss the 
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expemnental procedure for the detenumation of the magnetic 
amsotropy of crystala, beginning first with expenmenta on 
diamagnetic and paramagnetic compounds 

Jackson’s Experiments It follows from equation (94) that 
if the directions of the principal magnetic axes in a crystal are 
known, then we may apply a field with a gradient parallel to 
each in turn and measure each principal susceptibility directly, 
provided that the shape of the crystal does not produce 
spurious volume effects, the latter can be avoided if necessary 
by cutting the crystal to a spherical shape This direct method 
was used by Jackson* in an mvestjgation of the prmcipal 
suscefitibihties down to hquid-air temperatures His apparatus 
IS shown m Fig 37 

The small crystal C was attached with non-magnetic cement 
to the quartz frame earner with a standard face of the crystal 
vertical and perpendicular to the horizontal field of an electro- 
magnet The frame was attached to a Sucksmith ring balance 
R which measured the vertical forces The weights w could 
be adjusted without opening the case surrounding R, and the 
motion was damped by a ring r dipping m od Sideway motion 
of the Busjiended system was prevented by a flat phosphor 
bronze spiral s The appaiatus was cahbrated by replacing C 
by powdered salt of known susceptibdity 

The crystal was hung inside a thick copper tube, to promote 
uniformity of temperature , this was sealed to an upper tube 
of thin nickel silver supported as shown The temperature of the 
crystal was measured by the platinum resistance thermometer 
Th The Dewar flask was joined to the upper portion of the 
apparatus by the wired-on rubber rmg RR, and the ground 
glass joint O enabled the upper portion of the apparatus to be 
removed when a crystal had to be rejilaced This portion could 
be evacuated through T and then filled with hydrogen The 
lowest temperatures were obtained by boiling hqmd oxygen 
under reduced pressure in F, the evaporated bquid leaving via 
F Measurements were also made at room temperature, with 
a mixture of sohd 00^ and alcohol, and with hqmd ethylene 

* L G J&cksoa, Ray Roc Proc A, 140, 095, 1953 
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On exciting the magnet the crystal was pulled downwards 
and the decrease in weight Sm required to restore it to its 
ongmal position could be found We then have 

Sm g = vd,2/t jdx, 

where k = k^oT k^ or k^, the volume susceptihihty parallel to 
the field 


Experiments with Monochnic Crystals It often happens 
that in the case of a monochnic crystal the direction of only 
one principal magnetic axis, , is known Now, if the crystal 
IS mounted with the axis parallel to the z axis and per- 
pendicular to Jf”, then n = 0 and 


k^l^ + k^m^ = kjf. 

or kyCOB^ip + k^sm^if) = kjf, (93) 

where (j) is the angle between the k^ axis and,?f' Hence a couple, 
equal to the rate of change of potential energy with angle of 

displacement, f (E), will act upon the crystal Now 
d<p 

= {IjCos^sin^J — cos9)},;f'2u 
= ]{Ai — I'j) sm (96) 


Hence, when a circulai disc of the crystal is cut with the plane 
of the disc perpendicular to the known axis and suspended with 
this plane hoiizontal and parallel to a uniform field 3^, the 
disc will be acted upon by a couple given by (96), which is a 
maximum when ^ = 45° Thus, by finding the position of the 
disc m w'hich the maximum couple is exerted, the directions of 
fcj and k^ are fixed and their difference can also be measured 
The two methods described above can, of course, be combmed, 
when the measurements give the ratio k-yjk^ and the difference 
k^ — k^ This procedure was adopted by Dupouy,* who made 
use of the pronounced magnetic amsotropy of siderose 
(FeCOj) in constructing a gaussmeter 


•MG Dupouj, Ann de. Phys 16, 495, 1931 
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Sometimes, however, couples cannot readily be measured 
and only translational forces can be utilised The determina- 
tion of fci and then becomes much more complicated, since 
measurements of the forces in a given direction for at least 
three diiferent positions of the disc with respect to ^ are 
required This procedure was adopted by Jackson* in his 
earlier work on paramagnetic crystals down to liquid hydrogen 
temperatures A cylmdncal section of the crystal with its 
axis vertical was attached to a small horizontal alumimum 
disc suspended by a long quartz fibre from one side of a 
Petterssont quartz microbalance The requisite non-homo- 
geneous magnetic field was pioduced by a water-cooled coil 
A coil was used because the cryogenic arrangements were 
rather large was therefore small, but it was 

accurately known The results are somewhat laborious to 
work out 

Immersion Experiments The effects of any surrounding 
medium have been omitted from the preceding discussion, but, 
clearly, when the surrounding medium has a volume suscepti- 
bility equal to say, then no translational force can act on 
the crystal when the lines of force are parallel to the axis 
Hence, if the crystal be immersed in a solution whose con- 
centration can be adjusted until the force parallel to the k^ axis 
vanishes, k^ must then be equal to the known susceptibility of 
the solution This method was devised by Rahi J and possesses 
the advantage that the crystal need not be very accurately 
shaped or as accurately mounted in the magnetic field as in 
other methods 

Rabi suspended the crystal vertically from a long glass 
fibre as shown in Fig 38, so that it was situated in a non- 
homogeneous field of a strong electromagnet The fibre was 
sufficiently strong to prevent rotation of the crystal under the 
influence of couples described above, and it could be turned 
about the vertical axis to orientate the crystal Hence, the 

^ L C Tackaon, Roy Soc Pkil Trana A, 226, 107, 1926 
f H Petteraaon, Phya Soc Prac 32, 200, 1920 
j I I Rabi, Phye Rev 29, 174, 1927 
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crystal was only free to move laterally under the influence of 
the field It was immersed m an aqueous solution whose sus- 
ceptibihty could be varied over the range of the prmcipal 
susceptibilities The solution was saturated with the crystal 
material so that the specimen did not dissolve during the 
measurements The susceptibihty of the solution was increased 
by adding similarly saturated manganese chloride solution or 
decreased by addmg potassium iodide solution 

Lateral motion of the fibre was observed by a microscope M 
In general, it occurred both parallel and 
perpendicular to the axis of the pole tips 
The fibre was turned until the former 
motion along the x axis no longer occurred 
The remaining motion was nullified by ad- 
justing the susceptibility of the solution, 
which was later measured separately by 
the Gouy method Surface tension effects 
occurred where the fibre broke the surface 



of the solution, and differences in suscep- 
tibility much less than 10 “* could not be 
detected A systematic error arose because 



(Plan) 


the fibre had a different susceptibihty from 
that of the crystal Rabi was able, however, 
to give values of the principal susceptibili- 


Fig 3B Rftbi’B &p- 
paratUB for suBcep 
tibilities of a crystal 


ties of many crystals belonging to the monoclimc double 


sulphate hexahydrate isomorjihous senes, denoted by the 
formula MSO 4 R 2 SO 4 6 HjO 


Oscillation Experiments Let us suppose that a crystal is 
suspended by a torsion fibre parallel to the Aj axis and oscillates 
with a period If, now, a uniform field JT, is apphed parallel 

to the axis, then from (96), on rotating the crystal through 
an angle 50 about the axis of the fibre, a restoring couple 
— acts upon the crystal, instead of the 

couple C S(j) m the absence of the field, where C is the torsion 
constant of the fibre, and a new peiiod of oscillation is 
observed 

Hence CTl = {G-l-(k^-ki)3^^v]T\, (97) 
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qr2_q}2 (J l 

SO that ^ 1 “ ^2 = **^2 ^ 

or = -■ 

where m is the mass of the crystal 

This method of finding was first used by Stenger and 

by Konig and has been extensively used by Krishnan, Guha 
and Banerjee* in their study of diamagnetic crystals They 
attached each crystal to the lower end of a very short piece of 
glass fibre suspended by a vertical quartz fibre from a torsion 
head, and by finding the periods of oscillation required m 
equation (98) k^ — k^ was found It was assumed that no com- 
plications arose from the shape of the specimen, and special 
attention was paid to the uniformity of the field The value of 
the greatest principal susceptibihty was found by the Rabi 
immersion method, a quartz fibre being used, as motion along 
the X axis (Fig 38) did not occur when the greatest suscepti- 
bility was being measured The solution used was weak 
manganese chloride 

The oscillation method is not satisfactory when the 
magnetic anisotropy is so small that eSects of asymmetry 
of shape cannot be neglected Krishnan, Chakravorty 
and Banerjeef then immerse the crystal m a liquid whose 
volume susceptibility is equal to that of the powdered crystal, 
and measure the couples acting upon it m a uniform field 
This procedure was very satisfactory, for example, m the 
case of MnS 04 (NH 4 ) 2 S 0 j dH^O, where Xi~X 2 = 11 4 x 10 -®, 
Xi-X 3 = ^ 8xl0-«, while l/3(Xi + ;i:a - 1 -^: 3 ) = 13.830 xlO-'em 
units per gm molecule Knshnan and BanerjeeJ have also 
developed two methods for dealing with very small crystals 
which will not be described here 

Experimental Results Among the more important results 
may be noted those of Jackson for crystals containmg ions 

• K S Kriahiiaii, B C Guha and S BancrjeB, Roy Soc Phil Tranj A, 231, 
235, 1933 

t K S Krishnan, N C Chakravorty and S Banerjee, Roy Soc Phil Tra-m 
A, 232, 09, 1033 

t K S Krishnan and S Banerjee, Roy Soc Phil Trans A, 234, 267, 1035 

141 



MAGNETIC PEOPEHTIES OF CBYSTALS 

in which only electron spma effectively contnhute to the 
magnetic moment, of which salts of the iron group are excellent 
examples For instance, the following results were obtained 
withNiSOj 7HjOatl5°C 66 x 10-«, ;^'2=16 53 x 10"“ 

and Xa = 16 63 X 10“®e m units per gm , illustrating the 
general rule that these crystals are magnetically isotropic to 
within about 1 per cent The principal susceptibihties of 
NiSOj 7HjO followed a Curie-Weiss law down to temperatures 
not lower than 160° K , the Curie constant being the same for 
all three Schlapp and Penney have shown that a crystalline 
field practically cubic with a small superimposed rhombic field 
with the same axes accounts satisfactorily for these results 
With cobalt ammonium sulphate, CoS04(NH,)2S04 fiHjO, 
this statement was true for temperatures down to that of liquid 
nitrogen Cohalt sulphate, C0SO4 7H2O is peculiar in that 
the curves of l/xj, etc against temperature are linear but not 
parallel, and potassium ferricyanide, K3[Fe(CN)j], shows a 
complicated behaviour Dupouy found that the principal 
susceptibilities of siderose, FeCOj, and dialogite, MnCOj, obey 
Curie-Weiss laws, but ohgist, FejOj, is peculiar in that X\ and 
X 2 both increase with temperature to a maximum in the 
neighbourhood of 60° C and then decrease with further rise in 
temperature 

Van Vleck* has examined in detail the paramagnetic 
anisotropy of different salts of the iron group Taking the 
ammonosulphates of Mn, Co, Ni and Cu he points out that their 
anisotropies are respectively 1, 30, 1 6 and 20 per cent approxi- 
mately The nearly perfect isotropy of the manganous salt is 
readily explained if the normal Mn++ ion is in a “S state, for 
here, if the Russell-Saunders coupling is intact there is no 
orbital moment to play a part The great difference in the 
behaviour of the Co++ and Ni++ ions, both in F states, can, 
surprisingly enough, be explained if the crystalline field has 
only rhombic symmetry but with relatively small departure 
from cubic symmetry, because in the Stark spectrum of the 
d® “F state of Ni+'i the smgle level is lowest, while in the 
d’ *F state of Co++ the triple level is lowest In the case of the 
• J H Van neck, Pkys Reu 41, 208, 1032 
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Cu salts the directions of the principal magnetic axes change 
with temperature * Jordahl'l' has shown that this can be 
explained to some extent by amonochnic field, made up mainly 
of a cubic field with a superimposed rhombic field having only 
one of its axes coincident with one of the former 

Crystallographic and magnetic data for rare earth salts are 
at present very meagre The absorption spectra in these salts 
consist of sharp lines and it should be possible to correlate them 
with the magnetic data However, while SpeddingJ and his 
collaborators conclude from optical data that the crystalline 
fields of the sulphate have cubic symmetry, Krishnan and 
Mookher]i§ find marked magnetic anisotropy 

For a discussion of the relation between the magnetic 
properties of crystals and X-ray data reference should be 
made to the works quoted above and to the papers by Knsbnan 
and Lonsdale ,|| only a few examples can be briefly mentioned 
here TJ For example, it is found that a number of crystalline 
nitrates, carbonates, etc show marked diamagnetic aniso- 
tropy, which, it must be concluded, arises from the non- 
metallic ions in the crystal lattice, since the metallic ion is 
bound to be more or leas magnetically isotropic Thus, sodium 
and potassium nitrates, m which the three oxygen atoms are 
distributed symmetrically about the N atom as centre with all 
of them in the same plane, exhibit a greater susceptibility in a 
direction perpendicular to this plane than in the plane itself 
The difference in susceptibility in the two directions is the 
same for the two crystals The magnitude of the observed 
anisotropy, if attributed entirely to the NO7 ion, can be 
correlated with the observed magnetic double refraction of 
NO 3 in nitric acid solutions 

Again, on the basis of pubbshed X-ray data, Krishnan 
calculated the principal susceptibilities of naphthalene and 

* B W Bartlett, PKys Rev 41 . 819, 1912,44, 687, 1033 
t O M Jordahl, Phys Rev 45 , 87, 1934 

J F H Spedfling Tourn nf Chem Phy^ S, 191, 310 and 416, 1937 
§ K S Knahnan and A Mookherji, I>,cUure 140 , ')49 1937 
II K S Kriahnan and Kathleen Lonadale, Roy 3oc Proc A, 166 , 597, 1936 
A, 159 , 140, 1937 

11 See b.1ho R Schlapp and W G Penney, REports on Prog in Phys 3,64,1937, 
and Kathleen Lonsd^e, ibid 4 , 332, 1938 
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anthracene molecules Two of the magnetic axes of the mole- 
cules he in the plane of the benzene rings and the other hes 
perpendicular thereto It is found that as one proceeds from 
benzene to naphthalene and from the latter to anthracene 
the mcrease in diamagnetic susceptibility takes place almost 
entirely perpendicular to the plane of the rings Proceeding 
further, from the fact that m 1, 3, 6 tnphenylhenzene the 
increase in diamagnetic susceptibility of the molecule along 
the normal to the (001 ) plane of the crystal is not as great as it 
would be if the benzene rings were all in this plane, it may be 
concluded that the rings are inclined to the plane at an angle 
whose magnitude can be calculated from the magnetic data 
Following a theory due to Pauhng,* since elaborated by 
London, t LonsdaleJ has shown that the magnetic behaviour 
of these aromatic compounds can be explained on the hypo- 
thesis that three of the valency («) electrons of each aromatic 
carbon atom are perfectly normal and precess to give the 
usual diamagnetic contributions expected on Larmor’s theory, 
p 11, while the fourth (n) electron is free to precess only in its 
own plane The tt electrons may be pictured as describing or, 
rather, contributing to a large plane, not necessarily circular, 
orbit in the plane of the atomic nuclei The electron attached 
to the hydrogen atom in each CH group behaves normally 
The radius of the Tr-electron orbit in the case of benzene 
appears to be somewhat greater than that of the ring of carbon 
atoms m the benzene molecule See Chapter xm 

Metalhc Single Crystals The rajud development of the 
technique for the production of metalhc single crystals§ during 
recent years has made possible the preparation of long rods 
of material each formed of a single crystal In general a crystal- 
line axis does not coincide with the long axis of the rod, but it 
will be assumed, for the moment, that such comcidence is 
obtained The crystal can then be mounted with the long axis 

• L Pauling, Joum of Cheni Phya 4, 673, 19db 

f r London, Joum de Phya et le Radium^ 8, 397, 1937 

J Kathloen Lonsdale, Roy Soc Proc A, 159, 149, 1917 

§ For an account of mithodfi of preparation Bee P W Bridgman, Proc Amer 
Acad Arta aTid Rci 60, 305, 1925, E N daC AndradeandB Roscoe, Prix5 Phya 
Soc 49, 152, 1937 and E N da C Andrade, Proc Roy Soc A, 163, 16, 1937 
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perpendicular to the hnes of force of a magnetic field and 
measurements of the susceptibUity _ 

parallel to the hnes of force can he 
made hy the Gouy method It is 
therefore necessary to know how the 
remaining axes of the crystal are 
orientated with respect to the field 
Let these two axes he those of 
and Then, referring to Fig 39, it 
follows that the force acting upon 
any element of the rod of length dx 
IS given by 

^ dx 


laj 




(h) 



N 


S kx 


"■2 

Apparatus for 


where a is the area of cross-section 
and kjr la the susceptibihty of the j,.,g 
rod in the direction parallel to the BUBccptibiiioes of Bingh 
hneofcentres of the pole pieces But, 
by equation (95) of p 138, it follows that 

kjf. = cos* O + k^ sin* d 

= ^2 + (^1 ~ ^ 2 ) 

so that the total magnetic pull is given by 

F, = {k, + {k,-k^)coa^0}^Jf^ 


= [X 2 + (Xi - X 2 ) cos* d] - pjXP'^, 


(100) 


where p is the density of the metal, assuming the field at the 
upper end of the rod to be extremely small Equation (100) 
shows that the magnetic pull on the crystal will vary as the 
crystal is rotated about its long axis, and a senes of measure- 
ments can be made for difierent values of d when k^ differs 
from iij For this purpose the flexible suspension normally 
employed with the Gouy method must be replaced by a rigid 
connection in which a small aluminium turn-table or divided 
torsion head is mserted, as shown m Fig 39 The latter repre- 
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Bents the arrangement uaed by Focke* and later by Goetz and 
Fockef in an important senes of experiments on the eifects 
of added impurities on the magnetic anisotropy of metallic 
single crystals HogeJ used a sunilar method in the case of 
single crystals of tin, but as the volume susceptibility of white 
(tetragonal) tin is so small a sensitive inicrobalance was 
employed 

Focke’ a Experiments In his experiments on single crystals 
of bismuth Focke used rods m which the principal axis of the 
crystal was either parallel to or perpendicular to the long axis 
of the rod In the first case there is no difference between the 
values of Xi ^nd Xi to tie inserted in equation (100), and a 
constant magnetic force is obtained whatever the value of 0, 
corresponding to a constant value of Xje = Ifx = — 1 x 10'® 
for the susceptibility in a plane perpendicular to the principal 
axis In the second case, the magnetic force vanes con- 
siderably with the angle 0, so that, when tlie lines of force are 
parallel to the prmcqial axis the force is a mimmum, corre- 
sponding to a value of Xjt = Xu = “ t x 10“®, and when 
the lines of force are perpendicular to the principal axis the 
magnetic foice is a maximum, with Xr = Xl = ~ ^ x 10~® 
The ratio of the last two values x±/A'i ■ known as the magnetic 
anisottnpy, is in this case 1 125, this quantity changes con- 
sideiably when certain impurities aie jircsent in the crystal 
The mean value of the susceptibility of puie bismuth obtained 
from these measurements is 

-1(2x1 482-1-1 053) 10-“ = -] 339 ± 0 013 x lO'®, 

a value in very good agi cement with the mean value obtained 
from experiments on polycrystallme material 

In making ab.snlute measurements the main difficulty lies 
in the determination of the area of cioss-scotion, for, owing to 
its method of preparation, the shape of the rod is peculiar, and 
as Focke comjiuted cc by dctei mining the weight, length and 
density of his specimens, an error of about 1 per cent was 

* A B Focke, Phys Eev 36, J19 1930 

■f A (iiictz n.nd A B Fockt, PAyv Rei 45, 170, 1934 

J H J Huge, PKys Bev 48, 615, 1935 
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possible Since it is now clear that we have only two principal 
susceptibilities to deal with, we may carry out the experiments 
as follows In Fig 40 let the single crystal rod have its principal 
crystalline axis along the diiection OP making an angle ^ 
with the long axis Then the susceptibihty along OQ is 
;^;ii sin^0 cos^^, and that along OR is so that the 
observed susceptibility Xje given by 

sin^0 + ;^j^ cos^^) cos^ 0 H- am^ 0 (101) 

Consequently, if the magnetic force is now 
measured for different values of d we again 
get a cos^ curve, i e a sine curve with a 
period of 180“ The peak values of Xjr wdl 
be obtained at 0 = 0“ and d = 90°, that at 
Q = 90“ gives Xl S'loiic, while that at d = 0° 
gives ;^,|Sin^94 + yj^tos'‘^, so that (j) must be 
obtained from sejiarate determinations of 
the orientation of the principal axis 

When the positions of the axes aic not 
known then the angle 0 is known only in 
terms of arbitrary settings of the torsion 
head, and, consequently, as the experimental curve does 
not tell us which values of Xtc corrcsjiond to 0 = Q° and 
d = 90“ respectively, we cannot determine the values of x± 
and Xw unless experiments are made with a number of crystals 
each with a different value of^, the angle between the principal 
axis and the long axis Focke’s experiments with trigonal 
bismuth crystals represent the ideal method of jirocedure It 
IS pertinent to remark that we should expect and to 

have the same value in the case of a cubic single crystal, 
Montgomeiy* found this to be the case for diamagnetic 
crystals of copper to witliin 1 per cent The same statement 
does not, of course, hold for cubic cry.stals of ferromagnetic 
metals 

Vogt's Experiments In his study of the properties of single 
crystals of mercury at liquid air temperatures Vogt']' used the 

* C Montgomery, PAyr Rev 36 49fl and 1661, 1030 
f E Vogt, Ann dtr Fhys 21, 791, 1934 



Fig 40 Directional 
properties of a single 
crystal rod 
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above method In addition to the complications due to lack of 
knowledge of the orientations, Vogt had to make allowance 
for the shght magnetic effects of the mercury container, 
cf Fig 23, p 98 These effects cannot be ignored, for in the 
case of mercury is —0 121 x 10“® and y, = — 0 112 x 10~® 
It would appear possible to use a third equation, viz 

XmcM = i(2A:j. + A:i). (102) 

in addition to those given above, in cases where y, and Xa. 
differ considerably, this is, naturally, not the case with 
mercury 

Frequently the position of the princijial axis may readily be 
found by breaking the end of the rod, as in the case of bismuth 
and zinc,* which break easily along the basal plane To prevent 
deformation of soft crystals they may be dipped m liquid air 
before fracture In other cases the I?ndgman| procedure can 
be followed The crystal is threaded through a sphere and 
rotated m a beam of light until the latter is reflected A mirror 
IS then held in such a position that it also reflects the light If 
the back of the mirror is wetted with printer’s ink and touched 
on the sphere the position of a crystal face is thus determined 

The de Haas-van Alphen Effect Shoenberg and UddinJ 
made very small spheiical single crystals of bismuth and its 
alloys merely by allowing a tmy bead, containing about 0 3 gm 
of the molten metal, to cool very slowly under electrical control 
through its melting point, m the absence of mechanical 
disturbances The position of the trigonal axis was readily 
found by etching and the bead was attached to a Sucksmith 
ring balance as in Jackson’s airangeinent shown on p 137, 
with its axis making a known angle with a horizontal field of 
suitable vertical gradient As the ciystal was very small the 
field was considered constant throughout the volume occupied 
by the crystal This is an important point, for, below 60° K , 
it was found that Xa_ depended upon the held strength More- 

* J C McLenna-n, R Ruedy and E Cohen, Hoy Soc Proc A, 121, 9, 1928 
f P W Bridgman, Proc Amer Acad Arts and Sci 60, 305, 1925, see alan 
B Chalmcra, Proc Phijs Soc 47, 712, 1935 and Phil Marj 14, 612, 1032 
t D Shoenberg and M Z Uddm, Roy Soc Proc A, 156, 687, 1936, Camb 
Phil Soc Proc 32, 500, 1936 
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over, it was found that and ;)t|| varied linearly with tempera- 
ture over a wide range, the hnear relation in the case of 
ceasing somewhat sharply below 75° K , and rather more 
gradually below 200° K in the case of the hnear temperature 

coefBcients being 

dxJdT = 19 8 X 10“i® and dxJdT = 7 1 x 10“i“, 

1 e the diamagnetism decreases with nse in temperature A 
similar linear variation with temperature of but not of 
IS found in the case of antimony It is difficult to explam 
on theoretical grounds 

The fact that at low temjieratures the susceptibihty of 
bismuth IS not independent of field strength is known as the 
dt Haas and van Alphen effect in honour of its discoverers * 
It has been studied in great detail by Shoenberg and Uddin,f 
who have also shown that it does not exist in antimony, at any 
rate above 4° K In the case of single crystals of bismuth it is 
fortunate that y, is also independent of^ down to 4° K , but 
the value of x± changes as the crystal is rotated about its 
trigonal axis in a field applied perpendicular thereto, being a 
maximum when the field is parallel to the bmary axis The 
dependence on the field is of a very complicated nature and 
follows a power senes which converges very slowly, and 
measurements have therefore been confined to settings of 
the binary axis parallel and perpendicular to the field On 
plotting the susceptibilities for these two settings at a chosen 
temperature as a function of a pair of curves of irregular 
form (something like distorted sine curves) is obtained They 
intersect, forming a senes of loops whose areas increase with 
The singularities or points of intersection are more pronounced, 
and those for lower fields more prominent, at lower tempera- 
tures, although the values of at which they occur are 
practically the same 

Effects of Alloying on Crystal Diamagnetism On account 
of its great magnetic anisotropy an extensive senes of 
measurements have been made on the effects of impunty 

* H de Haafl and van Alphen, Comm Phya Lab Leiden, No 212a, 1930, 
220 d, 1U32 

f D Shoenberg and M Z Uddin, Roy Soc Proc A, 166, 701, 1937 
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added to bismuth Such measurements are important because 
from them we hope to deduce the reasons for the temperature 
variation of the diamagnetism of bismuth Goetz and Focke 
showed that when the impurity dissolved in the bismuth very 
pronounced changes were caused, the magnetic anisotropy 
being increased when the impurity is electropositive with 
respect to bismuth and decreased when electronegative 
Shoenberg and Uddm have made similar measurements but 
over a more extended temperature range, and, contrary to the 
finding of Goetz and Focke, they report that the reciprocal of 
the amsotropy, ^ hnear function of the tempera- 

ture Shoenberg and Uddm emphasise the importance of low- 
temperature measuiements, for here temperature comphea- 
tions are less and the effects of alloying more pronounced 

The de Haas-van Alphen effect is very much affected by 
alloying, the singularities moving to higher fields when 
tellurium, with one electron more than bismuth, and to lower 
fields when lead, with one electron less, is added The singu- 
larities disappear when the amounts of lead and tellurium 
respectively exceed 0 08 and 0 009 per cent Peierls* has given 
a theory, baaed on the assumption that there are only a few 
electrons m the highest energy band in bismuth, which 
explains these results qualitatively but not quantitatively, and 
Jonesf lias discu'ised the results in terms of the formation of 
Brillouin zones 

Collected Eesults Table VI (p 151) gives the prmcipal 
atomic susceptibilities so far obtained with single metal 
crystals 

Ferromagnetic, Crystals Up to 191 8 nearly all the published 
work on the properties of ferromagnetic substances was 
restricted to ])olj’crystallme specimens Experiments with 
single crystals had indeed been made, but they were confined 
to pyrrhotite and magnetite, of winch relatively large crystals 
can be obtained in the natural state In the case of a 
polycrystallme material, the induction or macroscopic field 

* R 1’t‘ierlH, Zett jar Phya Bl, 18B, 1933 

I H Joiiea, Roy Soz Froc A, 147, 390, 1934 
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TABLE VI SINGLE CRYSTAL ATOMIC 
SUSCEPTIBILiriES 


Metal 

Tem- 

perature 

“C 


-(Xx)axIO' 

Differencse 

(Xx)^ -(XuU 
xlO« 

Aniso- 

tropy 

x±/xi 

Antimony 

17 

170 6 

ti6 1 

+ 104 5 

0 3S7 

Bismuth 

17 

2ld0 

308 0 

- H9 0 

1 405 

Cadmium 

17 

29 4 

16 0 

+ 11 4 

0 012 

Mereurj 

-183 

22 5 

24 3 

- 1 8 

1 080 

Thallium (a) 

30 

84 2 

33 7 

+ 50 5 

0 40b 

Tin 

17 

20 9 

23 4 

- 2 5 

1 120 

Zme 

17 

12 4 

9 5 

+ 2 9 

0 7b6 


intensity, B, winch laay be defined as the average value ot the 
field intensity taken throughout a small volume of the sub- 
stance, IS considered to be made up of two parts according to 
the statement £=^ + 471 / (103) 


In general, however, is itself made up of two parts, or, 

= . (104) 

where represents the intensity of the external field pro- 
duced outside the specimen, and ,5?^ represents the de- 
magnetising field As mentioned on p 61 3^^ is mainly 
dependent on the shape and slightly on the imperfections in 
the specimen We may theiefore write 

B (105) 

an equation in which all four quantities are vectors When 
conditions of homogeneity obtain, is a linear vector func- 
tion of I, and there are three mutually perpendicular axes 
along which the relations between I and are 

3^d^= n^I^, = and = 713 / 3 , (166) 

where tIj, rij and are demagnetisation factors which remain 
constant as long as the body is homogeneously magnetised 
Now, m a ferromagnetic crystal all five vectors B, 
and 1 can, and generally do, lie along different directions, 
although we naturally try to arrange the experimental con- 
ditions so that they coincide in direction Fortunately, m 
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every cubic crystal there are always three mutually perpendi- 
cular axes along which I is parallel to when we may wnte 

7i = * 1 ^ 1 , and 7, = * 3 ^ 3 , (107) 

where k^, k^ and k^ are termed the principal ferromagnetic 
BUS ceptibih ties, and we thus get a model m which 7 is always 
a radius vector of an ellipsoid — which may degenerate into a 
spheroid or a sphere — while is a radius vector of a sphere 
In what follows, then, we have to discuss the experimental in- 
vestigation of ^ and 7, bearing m mind the three-dimensional 
nature of the prohlems and the existence of JPf and 

Expenme.rUal Procedure. From an experimental pomt of 
view a discussion of the investigation of the magnetic 
properties of pyrrhotite is a very convenient mode of approach 
to the whole subject, for this crystal behaves in a relatively 
simple manner It consists of iron and sulphur in quantities 
which vary from specimen to specimen, and it may contain 
traces of nickel , its chemical constitution may best be denoted 
by the formula «(FeS) -I- FeSj It belongs to the rhombohedral 
class of crystals, and if it is brought into a magnetic field in 
such a manner that the plane of its hexagonal base is perpen- 
dicular to the hnes of force, it is scarcely affected by the field, 
whereas it becomes strongly magnetised when introduced in 
any other position This shows that along one direction m the 
crystal magnetisation is almost impossible, while in a plane 
perpendicular to this direction, termed the plane of easy 
magnetisation, the substance can be strongly magnetised 
Moreover, in tins plane there are two directions at right 
angles, parallel to one magnetisation is obtained with ease, 
but along the other with some difficulty, these directions are 
therefore respectively known as the directions of easy and of 
difficult magnetisation 

Weiss’ Experiments In his pioneer investigations of these 
properties Weiss* used two methods which have frequently 
been used by later workers, namely, a bafiistic method and a 

* P WoiBB. Journ lie Fhys 3, 194, 1904, 4. 4B9 and 829, 190S and Arch dea 
3ci Phya el Nat 19 , 537 , 1905, 20 , 213 , 1906 
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torsion balance method The latter method, being the more 
sensitive, may be used for the mvestigation of small specimens, 
but its use entails considerable uncertainty and possible error 
in the cases of materials other than pyrrhotite As depicted in 
Fig 41 a stirrup of non-magnetic material is suspended by a 
torsion fibre from a graduated torsion head T between the 
poles of an electromagnet A disc of pyrrhotite about 1 to 2 cm 
m diameter and about 0 5 mm thick cut parallel to the base is 



Fig 41 Weiss torsion ap- Fig 42 Directional properties of crystal discs 

paratiis for 7^, measiirtv 

mente 

placed in the stirrup , the latter is connected b v a long wire to a 
dampmg-vane system immersed in od In fact, Fig 41 also 
represents the apparatus used by Beck* in his pioneei experi- 
ments on iron crystals 

Let us first suppose that the plane of the disc is horizontal 
and that the torsion head is set so that the crystal occupies a 
known position m the absence of a magnetic field On exciting 
a magnetic field suppose that the crystal acquires an 
mtensity of magnetisation I along the direction OP, Fig 42 a, 

• K Beck, V Jahr Sch der Nat Qes in ZiLmch, &3, IIG, 1918 
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which makes an angle 6 with the direction of the lines of force 
Then, a couple equal to ainfl = volume, 

will act upon the crystal, where thus represents the 
intensity of magnetisation normal to the external field The 
couple may be balanced by turning the torsion head through an 
angle 0, such that = C(j), (108) 

where C is the torsion constant of the fibre This method 
readily permits the study of /jy, and for pyrrhotite /jy is found 
to be a periodic function which repeats itself every 1 80° In 
such experiments some instability in azimuth must occur 
unless the constant C is large, so tbat^, being generally small 
compared with 6, may be measured by a telescope and scale 
The angle 8 may be varied either by turning T or by rotating 
the whole magnet about a vertical axis, the latter method is 
preferable, the wire connecting the stirrup to the damping- 
vanes passing through a hole in the magnet yoke 

To obtain the comjionent of magnetisation Ip parallel to 
the applied field, the disc may be placed in the stirrup, with 
its plane vertical and turned through a small angle a, say 
3° or 4°, with respect to the lints of lorte The state of affairs 
may then be represented by Figs 426, c, whence it follows that 
the couple is now given by^ 

JflIpi,ma. = C<j)', (109) 

where 0' IS now the angle of deflection or torsion The be- 
haviour of Ip with 0 can thus be studied by rotating the disc 
in the vertical plane, and again a curve which repeats itself 
every ] 80° is obtained In this treatment it is assumed that 
the angle a is so small that the deflections of the suspended 
system measured by a telescope and scale or by an angle of 
torsion are a measure of Ip, although the hues of force are not 
parallel to the plane of the disc While this is quite accurate m 
the case of pyrrhotite it is not reliable for other substances, 
and its use with a material which does not possess a direction 
m which it IS almost impossible to magnetise it has been 
severely condemned by some workers * 

* W Suckamith, H H Potter and L Broadway, Soc Proc A, 117, 471, 
1S2B 
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In the ballistic method used by Weiss the field 3^^ was pro- 
duced by a solenoid inside which was a coaxial coil joined in 
senes with a ballistic galvanometer The pyrrhotite disc was 
suddenly placed inside the coil with its plane parallel to the 
lines of force of the field The resulting deflection of the 
ballistic galvanometer measured the change of flux associated 
only with the component of magnetisation Ip parallel to the 
lines of force This method is much more satisfactory than the 
torsion method, in spite of its apparent lesser sensitivity, and 
can clearly be adapted to measure 7,^ as well as Ip 

Now, enters into equations (l'>8) and (109), and we really 
wish to know how 7^ and Ip vary with J?', but m order to find 
3^ we must know The latter is equal to nip and for a 

TT^C 

disc of radius a and thickness 2c we may take n = — with 


sufficient accuracy* We then have 3^ = 3^^— Ip It is 

well to remember, however, that the demagnetisation factor is 
rarely known with certainty, and that in the interpretation of 
many experimental results there is a tendency to overlook this 
lack of certainty Curves showing how Ip and 7^ vaiy with 6 
in the case of nickel crystals are shown on p 159 


Experiments with Iron Crystals Experiments with ferro- 
magnetic crystals other than pyrrhotite differ from those on 
the latter because the specimens available are generally 
smaller with corresyiondingly larger demagnetisation factors, 
and, as there is no direc tion in which it is practically impossible 
to magnetise the metal, special precautions have to be taken 
to keep the vectors 7 and in the same plane The latter is 
often done by using thin discs of the metal, but, while 7jv can 
then be safely found by the torsion method, it is essential that 
Ip be found by an induction method Moreover, experiments 
cannot be confined to a single plane, but must be made m at 
least three planes 

These points are well brought out in Beck’sl pioneer work 


* J Clerk Maxwell, A Treatise on Electricxly and Magnetism, 2, arts 437-438, 
1802 

^ K Beck, loc cii 
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on Single crystals of iron At room temperatures, iron has a 
body-centered cubic structure, and he cut discs 0 06 to 0 1 mm 
thick parallel to the (100), (110) and (111) planes Beck’s 
torsion apparatus for the study of 1^/ as a function of d m a 
constant^ has already been described, and a similar apparatus 
was used by Webster ’* 

Honda and Kayaf prepared large iron crystals by the strain- 
anneal process, and, by careful sawing and fihng, prepared 
from them three oblate spheroids with their diametncal 
planes respectively parallel to the (100), (110) and (111) 
planes, the diameter 2a was about 2 cm , and 2c about 0 045 cm 
Their properties were studied by the special apparatus repre- 
sented m Fig 43 


/ 
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Fig 43 Honda and Kaya's apparatus for inTestigatmg 
single crystals of ferromagnetics 


A circular brass disc forma a table which is mounted on a 
spindle coaxial with and attached to the pulley B, which can 
rotate as mdicated at the one end of a stout brass plate P At 
the other end of P is a pulley B' identical with B, and the two 
are connected by a belt under tension P is mounted on a rigid 
stand and can be moved so that the table hes in the middle of 
a magnetising solenoid The specimen is cemented to the table 
with Canada balsam and on turning the head T by a known 
amount, B and the specimen rotate through a known angle 
Two similar parallel coils CC, each of 1000 turns, are placed 
only 1 5 mm apart on opposite sides of the centre of the 
specimen They are attached to a small table, not shown, and 
can be turned about the axis of B, so that they can be placed 
parallel or perpendicular to the field of the solenoid 

When the Ip component is to be measured the coils are 
placed perpendicular to the field, the specimen is imtially 

* W L Webister, Bay 3oc Ptoc A, 109, 570, 1925 
t K Honda and S Kaja, 3ci Rep T6hoku, 17, 1157, 1926 


156 



EXPERIMENTS WITH IRON CRYSTALS 

placed with a known direction parallel to the field B' is then 
turned suddenly so that the principal axis of the crystal 
coincides with the direction of the field The deflection of a 
ballistic galvanometer to which CC are joined in senes 
measures the change in the parallel component of magnetisa- 
tion with respect to that along the principal axis In meaaunng 
the component the cods are placed parallel to the field, and 
the crystal placed with a known direction parallel to the field 



Fig 44 Magnebieation curves for iron 

B' IS then suddenly rotated untd the pnncipal axis coincides 
with the field, when the galvanometer deflection is a direct 
measure of /jy, since ly = 0 when the principal axis is parallel 
to the field The results obtained by these methods differ 
somewhat from those described earher, presumably because 
the hysteresis changes are different 

Fig 44 shows the curves obtained when is apphed 
parallel to the (110) plane along the three axes, the relevant 
crystal structure is also shown m the figure It is clear that the 
[100] direction is one of easy magnetisation The mitial rapid 
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increase of / with^ along the direction of easy magnetisation 
18 a characteristic feature of single crystals, the more perfect 
the crystal, the more rapid the initial rise, and many workers 
hold that a perfect crystal would have an infinitely large initial 
permeability The kinks in the curves for 3^ parallel to the 
[110] and [111] directions anse because the magnetic axes of 
the elementary particles change from one cubic axis to another, 
and the changes should theoretically become apparent at 
/ = 1 1^2 and 1 /yj3 of the saturation intensity respectively and 
this we see is approximately the case In addition to the sharp 
kmks shown in the figure, some workers have found other kinks, 
which will not be discussed here, in “suspicious abundance” 
Williams* has recently avoided the uncertainties of the 
demagnetisation factor by using hollow jiarallelogram or 
“picture-frame" specimens of single crystals of silicon iron, 
each side of a parallelogram being ji.irallel to one of the three 
crystallograjihic directions — it should be noted that a single 
crystal ring specimen would not be satisfactory He thus 
found the initial portions of the I, curve with considerable 
accuracy, for only small effects of the corners of the specimens 
could influence the measurements The initial jiortions of the 
1 , curve were not linear, but the observed anisotropy at low 
magnetisations can, however, be readily explained, because 
when a field is applied along, say, the [110] direction it has 
a component parallel to the [100] direction and results in a 
magnetis.ition parallel to the latter whose projection on the 
[110] gives a contribution to the observed magnetisation The 
curves of Tig 44 are similar to those obtained by Williams 
after allowing for this effect The maximum permeability 
along the [100] direction found in these experiments was 
1,380,000, the latest value is 1,450,000 
It IS generally held that the more perfect the crystal, the 
lower its coercivitv, but Coiffi, Williams and Bozorthf found 
a high coercivity with a very pure crystal of iron KayaJ has 
made a special study of the retentivity of single crystals of iron 


* H J Williams, Thy’i Rev 52, 747, 1977 

t P P Coiffi, H J IVilIiams and R M Bozorth, Rev 51, 1009 1937 

j S Kaya, Ann der Phys 84, 705, J9J3 
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EXPERIMENTS WITH NICKEL CRYSTALS 


He defines the true retentivity as that \talue of I at which the 
sudden, almost rectangular kink, cf p 324, is found with 
decreasing field in the neighbourhood of = 0 Such kinks 
only occur when the specimen has not been tempered or aged 
for some time at about 130° C With the above definition, 
Kaya finds that the true retentivity in any direction is given 
by the relation = IJl + m + n, (110) 


where is the saturation intensity of magnetisation, and 
I, m and n the direction cosines of with respect to the axes 
of the crystal cube, this relation has been examined by Becker 


See Chapter xn 

Experiments mth Nickel Crystals 
Sucksmith, Potter and Broadway* 
investigated single crystals of nickel 
which have a face-centred cubic 
structure Samjde curves for a disc 
cut parallel to the (110) plane are 
shown m Fig 45 Here, in finding /y 
it is necessary to take the mean of 



two seta of readings with the crystal, 
or field, rotated in opposite direc- 
tions, to eliminate the marked effects 
of rotational hysteresis observed 
with these cryst.ils In the case of 
nickel the [111] direction is that of 
easy magnetisation Theoretically, 
kinks should occur in the I, 
curves for the [110] and [100] direc- 
tions at and of the saturation 
value of I, and this condition is ap- 
jjroximately satisfied 



Experiments with Cobalt Crystals 
Single crystals of cobalt, which 
have a hexagonal close-packed 


Fir 45 /, ^ cuives for single 
rry'ifalfl of nn-kel (RuckHmiLli, 
Ptitter a,nd Broadway ) 


structure below 470° C and a face-centred cubic structure 


♦ W Sucksmith, H H Potter and L Broadway, iS'oc Proc A, 117 471 
1926 
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above, have been investigated by Honda and his collaborators 
Kaya* cut discs about 0 45 cm in diameter and 0 028 cm thick 
parallel to the ( 1000) and (0001 ) planes, these are not equivalent 
as the SIX -fold axis is unique He found the base plane of the 
hexagonal prism to be a plane of difficult magnetisation, and 
that the hexagonal axis along the [0001] direction was the 
only direction of easy magnetisation Along the [1010] and 
[1020] directions the approach to saturation is very gradual, 
and this readily explains the difficulty of producmg saturation 
in polycrystalhne cobalt /, curves at higher temperatures 
have been obtained by Honda and Masumoto]" with the 
balhstic method 

Single Crystals of Alloys ShiliJ has studied the properties of 
single crystals of iron-cobalt alloys, using a pendulum magneto- 
raeter§ designed by McKechan, who has also written a valuable 
acoountll of the work on single crystals In these body-centred 
cubic lattices the direction of easiest magnetisation was found 
to change from the [100] to the [111] direction as the per- 
centage of cobalt increased This indicates that the direction of 
easiest magnetisation does not depend on the crystal structure 
alone, but also on the type of atom of which it is formed 

Theoretical Aspects of Ferromagnetic Anisotropy The 
results obtained with single crystals of ferromagnetics can be 
conveniently discussed in terms of the theory developed by 
Akulov, Becker, Heisenberg, Bozorth^ and others This gives 
a conception of the way in which the magnetic vectors are 
rotated from a direction of easy magnetisation to he along the 
direction of an applied field Let us picture within the cubic 
crystal a hmited region, or a Weiss domain, described on 
p 238, in which all the magnetic vectors of the magnetic 
carriers point in the same direction Then with an intensity of 

* y Kava, i5ci Rtp T6hoku, 17, 1157, 192B 

t K Honda and H Mdaumoto, Sex Rep T6hokUf 20, 323, 1931 

X J Shih Phys Rev 46, 1 19, 1935 

if L W McKeehan, Rev Sci Instr 6, 265, 1934 

II L W MrKeelian, “ Forromagnetiam m Metallic Crystala”, Tech P-uM 
imer Inst Mintng Eng No 554, 1934 
^ R M Bozorth, Phya Rev 50, 107b, 1936, Joum App Phya 8, 676, 1937 
References to work of others will be found in those papers 
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ANISOTROPY CONSTANTS 


magnetisation /„ of this domain there is assumed to exist a 
magnetic potential energy E per unit volume whose magnitude 
depends upon the direction of the magnetisation If the latter 
makes angles whose direction cosines are S^, S^, with respect 
to the axes of the crystal, we write 

E = K, + K,{SlSl^8lSl+SlSl) + K\iS\SlSl), (111) 

neglecting all terms of lower power on account of the symmetry 
of the cubic cr 3 'stal Suppose now that a held is applied at 
an angle 0 with respect to 7 q, then the adrhtional energy stored 
in unit volume of the domain will be —J^IgCOsO, and the 
direction of magnetisation will then take up the position of 
minimum energy Let a and a„ be the angles between the 
axis of easy magnetisation m the plane of and and the 
directions of /„ and respectively, then a is fixed by the 
condition , 

~{E-3^IaCOi>0) = 0 . ( 112 ) 


Writing oc.g — a=0, then (Ia= —dO, so that 
^ _ dEjdoL dEjda, 

IgSinO lg!fm{ceg — a)’ 

and the magnetisation parallel to Jf is given by 


(113) 


/|l = /„oos (aj — a), and Tj^ = /„sin (a„ — a) 

Consequently the /, curve can be constructed if the 
aniiotropi! lonstants, K^, , are known Alternatively, if 

we know the experimental magnetisation curves for the [100], 
[110] and fill] directions of the crj'stal, we ma> calculate 
and by adjusting the theoretical magnetisation curves to 
fit them 

Now if we take in the (100) plane along the [11 0] direction 
in a crystal of iron, in which the [100] direction is that of easy 
magnetisation, then 

a„ = 45°, 8-^ = cos a, 8^ = sin a, 8^ = 0, 

K dE K 

-S = ’ (1 — cos 4a), -- = -’Bm4a, 

O (J/OC 


^ — K^amiixlilg&m{^5 — <x) and 7,1 = /„ cos (45 — a) 


smm 
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MAGNETIC PBOPEETIBS OF CEYSTALS 

It Will be noted that for the [110] direction and I are inde- 
pendent of JTj 

The theoretical curves agree with the experimental curves 
as closely as could be reasonably expected,* except for a 
peculiar discontinuity which Akulov first predicted for mag- 
netisation along the [111] direction In the neighbourhood of 
= 350 to 400 oersteds the magnetisation curve bends 
upwards and becomes infinite The energy relations 

around this value of the field must therefore be very ill-defined 
over a considerable range Direct evidence for such a dis- 
continuity has been provided by the experiments of Bates 
and Healey which are described later 

From equation (111) it follows that the potential energies 
E for the principal diiections are 

^100 ~ ^0 1 

■E'lio = + ^ 1/4 j-. (114) 

Ein = ■ho + KJ^ + KJ21 J 

from which it is seen that the directions of easiest, inter- 
mediate and most difficult magnetisation are determined by 
the magnitudes and signs of A'j and This accounts for the 
difference betw een iron and nickel in which the orders of ease 
of magnetisation are [100], [110], [111] and [111], [110] and 
[100] respectively, and for changes in the order which occur 
in alloy series m which changes sign, and for changes in 
nickel or ferromagnetic alloys at high temperatures when 
approaches zero I 

On p 59 an expression for the energy of magnetisation was 
derived and from this it is seen that tlie energies giijpn in 

equations (114) are equal to the values of J^dl, where and 

Jo 

1 are measured along the appropriate directions Hence 

■®ioo = ■^oo‘^Jioo> > (II®) 

* H B G Cafiimir W J dp Haas and D de Klerk, Physica, 6, 365, 1039 
f rf K Honda, H Masumoto and S Kaya iS'ci Rep Td/ioA-U, 17, 111, 1028 
and N Akulov, Zeit fur Phys 100, 202, 1936 
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so that the anisotropy constants can be found from the areas 
on the three I, graphs, for 

■^0 = ^100 1 

= i (116) 

■^2 ~ — £jQn) — 

Ki can also be measured by a special torque magnetometer * 
From a survey of the chemical composition and crystal struc- 
ture of iron-cobalt-mckel alloys McKeehan")" concluded that 
there is no striking change m when the crystal structure 
changes from face-centred to body-centred cubic or when the 
specimens are worked or annealed m other words, A'j is not 
very structure-sensitive Both Aj and change considerably 
with rise in temperature and this provides an explanation for 
the striking variation in permeability with a weak field observed 
by Hopkinson Biukhatov and KirenskyJ state that, for 
nickel and certain copper-nickel alloys, A, = AgP'”'^", where 
K'a is a constant which may be obtained by extrapolation to 
absolute zero, and which decreases rapidly with increase in 
copper content 

In the case of cobalt crystals, which are hexagonal at room 
temperature, equation (III) becomes 

A — Aq - f- Aj iV| -1- , (117) 

where is the direction cosine of / with respect to the 
hexagonal axis, higher terms appear to be unnecessary in 
(117) It follows that there is little or no anisotropy in the 
plane perpendicular to this axis, and that 

Ag = AjQQfl, 

Aj = Agggj — Ajggg 

Further reference to the above theory will be made in 
Chapter x For iron it is found that Aj and K^, are respectively 
420x 10^ and 160x10^ erg per cc, while for mckel the 
corresponding values are — 50 x 10* and 0 erg per c c 

Rotational hysteresis problems are discussed in Chapter xn 

• H J Williama, Rev Sci Instr 8, 5G, 19^7 
f L W McKeehan, Phys Rev 51 1J7, 1937 

} N L Brukhatoy and L V Kireneky, Phys Zeit Sowjet 12, 802, 1037 
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CHAPTER V 


EXPERIMENTS WITH SINGLE PARTICLES 

Theoretical Conaiderahona We have seen on p 21 that 
according to the theory of spatial quantisation, the magnetic 
axis of a free atom or molecule may occupy only one of a 
certain number of discrete positions with respect to the hnes 
of force of a magnetic field In this chapter an account will be 
given of the experiments which have been performed in investi- 
gating this phenomenon and which give us direct information 
concerning the magnetic behaviour of isolated particles 



Fig 46 Principle of Stem and rlaoh experiment 

The experimental iirocedure is based on the theory given by 
Stern* and first ado])ted by Stern and Cerlach A strong non- 
imiform magnetic field is established between the poles of an 
electromagnet, we may suppose one pole tip to be jilane and 
the other wedge-shaped as shown in Fig 4fi Let a single 
uncharged magnetic particle start to move from 0 with 
velocity V pai allel to the edge of the wedge, then it must move 
with its magnetic axis orientated in one ot a limited number of 
positions with respect to the hnes of force The most simple 
case is that of an alkali metal atom with a magnetic moment 
of one Bohr magneton, when only two positions are possible, 
VIZ with the magnetic axis parallel or anti-parallel to the field 
At any point in its path the particle will accordingly be 
acted upon by a force jdx parallel to the x direction 

• 0 Stem, Zeit Jut Phys 7, 249, 1921 
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THEORETICAL COUSIDERATIONS 


shown in the figure, dM’ jdx being the gradient of the field along 
this direction, which is parallel to the hne of centres of the pole 
tips If the mass of the atom is M it wiU experience an 


acceleration /= 


-M~dx’ 


and if the atom moves through 


a 


distance I parallel to the edge of the wedge in a time t, it will 
finally be displaced through a distance a parallel to x given by 


^ 


1 djf/iy 

“ dx \D/ 


(118) 


Now, in practice, the atom is separated from a cloud of 
vapour at a temperature T, and, therefore, we may assume as 
a basis for discussion that the most probable value of v is 
given by the kinetic theory equation. 


, „ IT „ JiT 

•y^ = 2- ~ = 2— - 

M NM' 


where N is Avogadro’s constant and li is the gas constant for 
one giani atom Hence, tlie most probable dcHection 


a 


a 


- iJtf dx 


(119) 


But N/tj^ = 5505 c g B units, and, consequently, a narrow 
beam of atoms entering the field at O should be spbt into two 
narrow beams sepaiated at the oLhei aide of tlie field by a 
distance 


2s, = 2 


5565 d^ 
iRT~dx^ 


( 120 ) 


Thus, taking T = 600° K , Z = 10 cm and dj^jdx = 25,000 
units per cm , 2s ^ should be approximately equal to 0 14 cm 
If the path m the magnetic field is I but the leceiver is jilaced at 
an additional distance Zj outside the field, thou the above 
expression for 2s„ must be multiphed by (1 + 21 Jl) 

The early experiments of Stern and Gerlach showed con- 
clusively that such separated beams are formed, and thus 
proved that the individual atoms of metals, such as silver, 
possess magnetic moments associated with angular momenta 
which are spatially quantised in a magnetic field 
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EXPERl -VLENTS WITH SINGLE PAETICLB3 

Experimental Aspects A simple diagram of the experi- 
mental arrangements used by Stern and Gerlach is shown m 
Pig 47, where O represents an oven m which a metal is 
vaponsed and the vapour atoms raised to a temperature T, 
so that a fine beam passes through the narrow slit mto an 
evacuated space A sht hmits the beam, which is further 
limited by a collimator slit, placed immediately before 
the gap between the special pole tips, which are of the type 
shown Fmally, the separated beams of atoms fall upon a 
receiver iJ, a cold glass plate, to form a deposit of the shape D 
in the simple case considered above It is to be emphasised 
that the atoms must not suffei collisions with their neighbours 



^ N n 





Fig 47 Diagram of Stern Gerlach apparatus 


in the beam, or with other atoms in their passage through the 
field, consequently, the apparatus must be mounted in a 
chamber, or senes of chambers, which can be thoroughly 
evacuated 

Now, in the hght of the foregoing theory certain necessary 
experimental conditions for the accurate measurement of the 
final separation of the beams can readily be laid down * 
Obviously, the parent beam has to be very narrow, i e it must 
issue from an oven slit w'hose jaws are very close together 
From this it might appear that the beam would be very weak 
and a deposit therefore obtained after an unduly prolonged 
exposure, during which the magnetic field would have to be 
maintained constant However, by keeping constant the 
product of the vapour pressure of the atoms in 0 and the 
width of the sht iSj, it is possible to obtain an mtense but very 
fine beam, whose fineness is limited by the mechamcal 
difficulties of slit construction 


• See O Stern, Zerf /ilr Phya 39, 7Sl, 1926 
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EXPBEIMENTAL PROCEDURE 

Since s IS proportional to it la neceaaary that I be made 
aa long aa poaaible, and, finally, dJ^jdx must be aa large as 
possible, so that pole tips of a wedge and trough design are 
used This raises the question concerning the region over which 
dJ^jdx may be treated as constant, a question which can only 
be answered by direct experiment, by measuring ^ and 
J^dJ^jdx at vanous points 

Exact alignment of the slits Sj, S 2 and is of great im- 
portance and for this purpose and must be mounted on 
the same support as Sj the support being sufficiently robust 
to withstand the large stresses set up by the attraction of the 
pole pieces Knauei and Stern* were the first to use the atomic 
beam itself in aligning the shts, by arranging a juism and 
microscope system to view deposits made by mercury atoms 
on a Slivered plate reoeiv er 

The receiver R of Fig 47, in the early experiments, was a 
glass plate cooled on the far side by bquid air, and the im- 
pinging atoms stuck to the glass The exposures then lasted 
many hours and the deposits had to be intensified by washing 
the plate with a special solution consisting of 1 per cent 
hydrokmone developer, a small amount of silver nitrate and a 
fair amount of gum arabic It is now possible with the better 
ahgnment m later technique directly to obtain visible deposits 
with exposures of some few minutes The visible deposits have 
more or leas the same appearance in the cases of different 
metals At first they are bright brown, becoming darker and 
then black with long times of exposure, finally taking on a 
bluish and metallic appearance Other, and more effective, 
ways of detecting the separated beams have latterly been 
developed, and these are described as occasion warrants in the 
following sections 

The Rabi Method of Separation The magnetic separation 
of the beam may also be produced by a method due to Rabi I 
The deflection of a beam of spatially quantised atoms in the 
Stem and Gerloch experiment may be likened to the gradual 
deviation of a ray of monochromatic hght as it passes through 

* F Knaiier and 0 Stern, Znt fur Phya 39, 764, 1926 
t I I fUbi, Zetl fur Phya St, 190, 1929 
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EXPERIMENTS WITH SINGLE PARTICLES 


a medium whose refractive mdex varies contmuously m a 
direction perpendicular to the path of the rays The rate of 
change of refractive mdex is analogous to the gradient of the 
magnetic field Now, when a ray of hght passes suddenly from 
one medium into a thin layei of another medium, then the 
total bending is practically independent of the way in which 
the refractive index varies within the second medium, and it is 
tlus picture which is to be borne m mmd m discussmg the Rahl 
method of separation 





1 



^ 

^S!***^ P' 

A Id ^ 

p l>^ 

P 









1 

B 


w) (b) 


Fig 4fl Rabi’a met!iod of separating spatially quantised beams 


Suppose, then, that a beam of atoms, each of magnetic 
moment l/i^, of veloc ity and kinetic energy E, is travelling 
m the equatorial ]i]ane of tlie gap between two flat, rectangular, 
pole pieces as depicted m Fig 48<7, b The j)ath of the beam is 
always perpendicular to the lines of force, and, in the simple 
case under discussion, the atomic moments set parallel or anti- 
parallel to the field Now, the force on eai h atom in a direction 
parallel to PP' is zero, consequently the components of the 
atomic velocity parallel to PP' before enteimg and after 
entering the gap must be equal Yet, the kinetic energy of an 
atom before entering and after entering must differ by an 
amount + because of the change in magnetic potential 

energy of the atom There will therefore result two seta of 


atoms with velocities Vjj equal either to J {E + ) j or to 

according as the atoms set with their 


magnetic axes res])ectively parallel or antiparallel to the field 


The conservation of momentum parallel to PP’ therefore 


requires, as seen from Fig 486, that 


sin 0 = sm (0 + S), 
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MODERN TECHNIQUE 


whence 

sm 0 cos S + cos 6 am 5 
am 6* 


J 


'2E 

M 


Since S IH small, we may now write 


5 = +1 


and when /ijj ^ jE I , then 


d = ± tan d 

‘Zhi 


Conaequpntly, when the atoms have travelled a distance I 
within the field the separation of the two component beams is 
li 

2a = 2W = 1 tan d, thus being directly pi oportional to the 

E 


strength of the field 

In practice, however, criors must arise because the transition 
fiomzero field to field.??’ does not take pi lire in n veiy lestnctcd 
legion close to the edges of pole (iieces as is postulated in the 
theory Moreover the finite length of the .slits through which 
the atoms enter the field do not peimit all atoms to ti avel intlie 
oquatoiial plane Hence, asIVIeissner and Schofleis* found this 
method of separation, while quite suitable for comparison 
measurements, is not suitable for absolute or jueci.sion 
measurements 


Mod€,n Technique We now turn to a c onsideration of tbe 
more important refinements m experimental technique which 
finally culminated in precision measurements of the magnetic 
moments of individual atoms Most of them are desciibed in 
a paper by Leu,-j- wdiose ajijiaratus is shown diagrammatically 
in Fig 49 The oven 0 consisted of a copper block mounted 
in a water-cooled constantan tube C, heated by a platinum 
filament The metal to be vaporcsed w'aa placed m the small 
metal chamber M communicating with O, so that the evafior- 
ated metal was at a lower temperature than that of the oven, 

• W Meissner ind II Scheffers, PAt/^ Zeit 34 4H and 24j, 1Q33 
f A Leu, Zeit fur Phya 41, j51, 1927 
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and, consequently, no condensation occurred m the oven and 
upon the slit The latter was 4 mm across and less than 
0 02 mm wide A thermo-junction placed inside O served to 
measure the temperature of the vapour 

Havmg passed through iSj the atoms traversed a distance of 
BOnieOcm and then passed through a slightly wider colhmating 
sht parallel to and mounted rigidly in the end of C The 
whole of the arrangements so far described were contamed m 
a glass bulb which communicated by a narrow glass tube T' 



with a second glass bulb m which was mounted the cooled 
glass plate receiver R The surface of w as usually chemically 
silvered and polished, and could be viewed by means of a 
prism arrangement, not shown Both bulbs were highly 
evacuated A copper tube ran through T' and was cooled by 
conduction of heat along a metal strip M' which made contact 
with a metal attachment on the receiver R T' lay between 
the wedge and trough pole tips 

With this arrangement, excellent visible deposits were 
obtained with times of exposure varying from 5 minutes to 
2 hours Fig 60 shows a typical result for sodium If the 
separation as shown in Fig 50 is measured, the magnetic 
moment of the sodium atom can be calculated from 
equation (120) The accuracy of the result depends mamly on 


170 


LBU’a EXPERIMENTS 


the evaluation of djff’jdx, and is said to be of the order of 
2 per cent, but there remains for consideration the manner m 
which the true separation 2s^ should be computed from the 
somewhat diffuse traces of Fig 50 

This point has been discussed 
in detail by Stern,* who has shov n 
how to take account of the density 
distribution in the deposits In 
deriving the expression for 2«^, it 
was virtually assumed that was 
the same for eveiy atom in the 
initial beam Actually, the atoms 
must possess velocities more or less 
in accord with a Maxwell distribu- 
tion, and hence the deposits must 
be wide The evaluation of is 
of great importance in precision 
measurements and is fully dis- 
cussed in connection with those of 
Meissner and Scheffers, below Fig so Leu’s result for sudmm 

Ti T n T mi undeflectHd biam, 

Experimental Results The ex- (6) deaetted beams 
perimental results so far obtained 

are given m Table VII, where tJie relevant spectroscopic data 
are also given 

TABLE VII 


Atoms 

Normal Htale 

2t/ + I 

oxp 

H, Li, Ntt, K 

•K, 

2 

1 

Cu, Ag, Au 

■Si 

2 

1 

Zn, Cd, Hg 

■s. 

1 

0 

Sn, Pb 

■P. 

1 

0 

T1 

■Pi 

2 


Ui 

‘Sj 

4 

0 72 

Fe 

Ml. 

9 

Traces? 

Co 

‘F, 

lO 

Traces 

Ni 

>F. 

9 

Traces 


The results in the first five rows of this table prove that 
atoms like silver possess magnetic moments and give results m 

* 0 Stern, Zttl fur Phya 41 , 563, 1927 
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complete agreement with the theory of spatial quantisation. 
Now we saw on p 21 that when an atom of known L, S 
and J IS placed in a magnetic field, the components of the 
magnetic moment parallel to the lines of force were not given 
by g^Mj{Mj+\) but by gMj, where Mj = J, J —I, , 

— (J—1), — J This means that the separation of the two 
outermost of the 2 J+ 1 traces observed in a Stern-Gerlach 
experiment should not be proportional to g\Jj{J+ l)fin but 
to gJjig This 18 definitely proved to be the case, for in the 
case of the silver atom, whose normal state is we have 
g^JJiJ + = 2a/J l/iB = 1 73/t^ and gJ/ig = 2 and 

experiment gives \/ig m agreement with the latter The case 
of thallium is still more interesting, for the normal state is 
^Pj We find, as expected, two traces in the Stern-Gerlach 
experiment, but they correspond to an atomic moment of 
Now, for thalhum 

g ^Jj{j + i) /tg = i/lg=0 5S/lg, 

while gJ/ig = J fig = ifijf, here asiam we have very striking 
agreement between experiment and tlieoiv 

In the case of bismuth, Leu and P’raser had to use a verv hot 
oven to ensure the absence of 15i2 molei ulc'! from the initial 
beam and they then obtained two traces, corresponding to 
yi = + 0 72/1 or to 3 = 1 4,5 Now, it happens that the normal 
at.ite of the 111 atom i.s but the tou|))iiig in the atom is 
not the noimal Rus.sell-Sanndeis type, for which 3 = 2, but 
rather of the complex jj tyjie, for which 3 = f As we get by 
expeiiment a value for g whicli lies between the above two 
theoictical values we may consider that agreement between 
theory and experiment is satisfactory The apparent lack of 
agieemont between experiment and theory in the case of the 
iron group metals is attributed to experimental defects, 
and particularly to overl.ipping of the several traces 

Precision M ensurement of the Bohr Magneton The numeri- 
cal value of the Bohr magneton was measured with con- 
siderable accuracy by Meissnei and Scheffers,* and will be 

* W Meissner and H Scheffers, Phya Zeit 34, 48 and 24o, 1933 
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DETERMINATION OP THE BOHR MAGNETON 

considered in some detail os an excellent example of modern 
technique The succeas of the work is due to the efhcient 
manner in which the conditions prescribed by Leu for the 
production of very narrow but intense beams of atomic rays 
were applied, and to the method, first devised by Taylor,* 
employed in their detection The apparatus is shown dia- 
grammatically in Fig 51 It consisted of two brass compart- 
ments C and R The first contained the oven O in which 
potassium or lithium was evaporated, and it was joined to R 
by the brass tube TT The whole apparatus was very efficiently 
evacuated, and water-cooled blocks WW condensed stray 



Fig; 61 Apparatus for precision mcasurernent of the Bohr 
magneton (Meissner and Scheffers ) 


alkah atoms The evaporated atoms passed through the 
narrow oven slit, through the fane, 0 03 mm , collimating slit S 
and on to the receiver N, being exposed to the action of a non- 
uniform field of the Stcrn-Gerlach type during their passage 
through TT Inside N was a stretched tungsten filament 
0 02 mm in diameter, so mounted that it could be moved 
across the incident beams of atomic rays, parallel to the slits 
It was heated electrically, and alkah metal atoms falling upon 
it lost electrons and could leave the surface as positive ions, 
the resulting ionisation current between the filament and a 
collecting electrode or plate being a measure of the number of 
atoms received in unit time 

Special precautions were taken to avoid fluctuations of the 
oven temperature, and the gradient of the non-umform field 
was carefully mapped by means of a tiny search coil mounted 
on a brass tube, fitted to a cathetometer with horizontal and 

• J B Taylor, Zeit fur Phy§ 57, 242 1020 
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vertical movementa The initial beam of aUcah metal atoms 
was apbt into two by the action of the field, the diatnbutions 
of the atoms m the deflected and undeflected beams bemg 
evaluated from the ionisation current measurements, while 
the separation of two beams into which an mfimtely thm mitial 
beam of single velocity atoms would be split was computed on 
the basis of the theoretical treatment given by Stem * 

Stem supposes that in the absence of the field atoms 
pass through each element of width of the coUimatmg sht 
placed immediately before the pole tips The original mtensity 



Fig 52 Intensity distribution in atomic ray beams 

distribution in the beam entering the gap between the pole 
tips may therefore be represented by the dotted rectangle in 
Fig 62 a, and the intensity distribution m the beam faUing on 
the rec eiver by the trapezium m that figure The change in the 
intensity distribution from that represented by the rectangle 
to that represented by the trapezium is, of course, occasioned 
by the slight spreading of the undeflected beam, and can be 
calculated from the geometry of the apparatus 

Now, when the field is excited, owing to the Maxwell 
velocity distribution of the atoms the very narrow undeflected 
beam is replaced in the case of alkah metal atoms by two wide 

• 0 Stem. Zert /dr Phya 41, 563, 1927 
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and rather diffuse beams, m which the intensity distribution of 
the one will now be represented by a continuous curve hke that 
ofFig 52a Lotus consider what happens to the group of atoms 
which pass through an element dsg at a distance Sq from the 
centre of the undeflected beam when the field is excited Those 
atoms in this group which possess velocities between and 
Dj + will be displaced to a distance a to pass through a strip 
of the deflected beam ds wide The separation of the elements 
ds and is therefore s— Hence, as from equation (IIS') 
p 165, the displacement is inversely proportional to the 
square of the velocity, a — SgO: 1/«| But the moat probable 
deflection s„ oc 1 jv^, so that 

= ( 121 ) 

and ds = (i(s — (122) 

Now the number of atoms m the group Igdsg whose velocities 
he between Wj and v^ + dv^ is, from kinetic theory, given by 

(123) 


consequently, the number of such atoms per unit width in the 
deflected beam at a is equal to 


7t<> 

— . from (122), 

V o _ 




Hence, the total intensity at a point in the displaced beam 
distant a from the centre is given by 


and 


= — (i( + o) g~KjB-a (a — a) 

— o) 

— e (s + 6) — (s — 6)], 


(124) 


(125) 


for an initial distribution represented by the trapezium in 
Fig 52b, where /j is a function of between s„ = 6 and SQ = a 
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The type of loniaation current-displacement curve for the 
undeflected ray obtained by Meissner and Scheffers when the 
magnetic field is off is shown in Fig 62 b, where the full hne 
represents the experimental results and the trapezium an 
assumed intensity m order to make use of equation (125) The 
"feet” on the experimental curve, which he outside the 
trapezium, are due to scattered atoms produced mainly in the 
neighbourhood of the hot filament and, hence, are of little 
consequence in a discussion of the intensity distiibution when 
the field is applied as they would be outside its range The peak 
of the curve also departs from the trajiezium configuration, 
and this departure also is relatively ummjiortant, for with 
large values of the precise shape of the undeflected beam is 
not of great importance 

The tyjie of ionisation cuiTent-dia[)lacement curve for the 
deflected beams is shown in Fig 52c where the small “hump ” 
in the undisplaeed position is attributed to uiideflected 
particles There are, cleaily, two methods by which s, may be 
evaluated from Fig 526, c First, it may be calculated from 
the iiositions of iiiaximuni intensity in the deflected beams, 
foi, by dilleieriliating (125) and jiutting s = we obtain the 
equation 



from wliu h iii.iy be found iSccondly, two posiliun.s 4^ and Sj 
of p(|ual iiitensitv in each deflected beam may be found and 
inseilcd directly in equation (125) In this w ay an ap])roxmiate 
formula, used by Leu, can be derived for The first method is 
the nioie satisfactory, jirovided that sufficient points he m the 
regions of the maxima of the ionisation current-disxilacement 
curves since no correction need be apphed for the presence of 
undeflcc led jiai tides 

The final values obtained for the Bohr magneton from four 
sets of determinations with potassium and five seta with 
lithium were 0 91G + 0 005 and 0 916 + 0 003 x 10~““ reapec- 
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tively, the mean being 0 916 x g a umts, correct to 

6 parts m 1000 These values were calculated on the basis of 
Milhkan’s value of e, 4 774 x 10“^“ e s u , using the revised 
value 4 802 x 10“^'’, given on p 54, they become 0 921 x 10"'““ 

Measurements with Atomic Hydrogen Attention has so far 
been confined to experiments in which metalhc atoms have 
been used, and it might seem a prion that gases would be 
particularly easy to employ m Stem-Gerlach experiments 
However, the only monatomic gas which possesses a magnetic 
moment is atomic hydrogen, and great difficulties are en- 
countered when the few paramagnetic diatomic gases are used 
because of the thermal rotation of the molecules 

Expenments with atomic hydrogen were made by Wrede* 
and by Phipps and Taylor, f and both seta of experiments 
showed the isolated hydrogen atom to possess a magnetic 
moment of \fig Phipps and Taylor prepared atomic hydrogen 
by Bonhoefi'er’af method m a Wood§ discharge tube and by 
Langmuir’s II method of evaporation from a hot wire The 
stream of atoms passed through a special pyrex aht system, 
traversed a non-uniform field and fell upon a glass receiver 
coated with a fine yellow-white deposit of molybdenum oxide, 
MoOg, formed from the white smoke obtamed by burmng a 
piece of molybdenum in an oxygen-gas flame The impingmg 
atoms reacted with the MoO, to give a blue deposit, which 
usually reached its maximum density after about four hours’ 
exposure 

Experiments with Diatomic Gases The special difficulties 
encountered when experiments are made with diatomic gases 
may be appreciated by considering the behaviour of oxygen 
The oxygen molecule, as we saw on p 46, normally exists in 
a “iT state with /I = 0, (S’ = 1 and J = I The molecule rotates 
rapidly about N , Fig 1 1, and there is a strong couphng between 
the spin and the rotation A reasonable value to take for the 

• E Wrede, Zat ftLr Phys 41, 569, 1927 

t T E Fhippa and J B Taylor, Phy% Re.v 29, 309, 1927 

j K F BonhoefFer, Zt\i fH/r Phy9 Chtm 113, 199, 1934 

§ R W Wood, PUl Mag 42, 729, 1921 

|] 1 Langmuir, Joum Aw,eT Chem 8oc 38, 2021, 1916 
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most probable value of N is 9, and this would give nse to 

X(2(S+ 1) (2iV^+ 1) = 136 beams m a Stern-Grerlach expen- 
jv 

ment, assuming that odd values of N alone are effective In 
other words, so many discrete positions are possible that 
classical conditions of an infinite number of orientations m the 
field would be simulated, consequently, the pattern would 
be a broad band and very difficult to interpret Such a band 
was obtained by Shaw and Phipps* and was considered to pro- 
vide proof that the non-rotating sulphur molecule possessed 
a magnetic moment of two Bohr magnetons corresponding 
to a ‘2^ state 



Fig 53 Apparatus for molecular ray beams (Schmirmann ) 


A comprehensive senes of experiments on Oj and NO 
molecular beams have been made by Schnurmannf using an 
arrangement very similar to that designed by Knauer and 
SternJ for measurements with light gases, and shown in 
Fig 53 The gas entered an evacuated chamber A through the 
fine sht O, its temperature being measured by a thermocouple, 
and some molecules passed through the fine slits and to 
form the molecular beam which passed through a non-uniform 
field of the Rabi type between pole tips P The broadened beam 
then fell upon a receiving sht R and part of it entered the tube 
M R was parallel to the other shts, and could be moved across 
the beam M communicated with a chamber containing a 
Pirani hot wire manometer and the molecules passing through 

• E J Shaw and T E Phipps, Phyff Rev 38, 174, 1931 
I R Schnurmann, Zext /lir Phya 86, 213, 1933 and Journ de Phya 6, 09, 1035 
i F Knauer and O Stem, Ze\i Jut Phya 63, 766, 1020 
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B caused the pressure to nse therein until the number of 
molecules entering was equal to the number leaving, thus the 
Piram gauge measured the relative numbers of molecules in the 
various portions of the beam, while a compensating gauge 
attached to M’ ehmmated fluctuations due to changes in the 
pressure of gas in the chamber C The pattern or distribution 
of molecules in the beam varied greatly with the Babi field 
and the temperature of the beam Curve I m Fig 54 shows the 
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Fig 54 Scbnurmann’s results for oxygen 


pattern obtained with zero field and Curve II the pattern 
obtained with an initial beam of oxygen molecules of section 
BB passing as shown above the pole tips NS, the temperature 
being 300° K The strong asymmetry of curve II is due to the 
non-uniformity of the field, for while the undeflected molecules 
moved m this case in a field of 6800 oersteds, those corre- 
sponding to the left-hand portion moved in a stronger field 
than those corresponding to the nght-hand portion, so that 
the degrees of coupling of electronic and molecular spins were 
different Following a procedure due to Einaudi,* the pattern 
to be expected on the assumption of fixed values of S and N 

* H Einaudi, R C Acad Lince/i, 16, 132, 1932 




EXPERIMENTS WITH SINGLE PARTICLES 

With the t3rpe of Rabi field actually used was calculated and 
compared with the experimental pattern The agreement 
between experiment and theory with the above values of S 
and N is good 

The rotational effects are even more complicated in the 
case of the NO molecule The normal state of the molecule is 
“f7j, where the spin and orbital momenta are antiparaUel and 
the molecule is non-magnetic At high temperatures many 
molecules pass into the Wj state, which exhibits a magnetic 
moment of two Bohr magnetons Molecules in this state should 
give nae to five beams m a Stern-Gerlach or Rabi experiment 
if rotational effects are absent Actually, on account of these 
effects it IS advisable to use strong fields m which decouphng 
occurs and 2'2(2J+1) magnetically deflected and one un- 
deflected beam of non-magnetic molecules should be obtained, 
the moat probable value of J being So many components 
could not possibly be unravelled, but a relatively simple 
procedure is possible both for Oj and NO As before, the 
molecule is assumed to have a specified magnetic moment and 
known partition of the rotational states The shape of the beam 
pattern curve is obtained from the Piram gauge readings in 
the absence of a magnetic field, and the intensity of the un- 
displaced component is calculated for known conditions of the 
magnetic field and compared with that obtained by experi- 
ment For example, in the case of oxygen the experimental 
value for ///„ was 0 287, whilst calculation based on A = 1, 
to 16 gave 0 299 On the whole, agreement between experi- 
ment and theory is as good as can be expected 
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J CHAPTER VI 

NUCLEAR SPINS AND MAGNETIC 
MOMENTS 

Introduction In the experiments described in Chapter v 
we have confined attention to the magnetic moment of the 
electron system of the atom or molecule, and we must now 
consider what information the method of molecular rays can 
give concerning the magnetic properties of the nucleus It is 
known that certain hyperfine atructurca of spectral lines or 
components of the individual multiplets, which are leas than 
one wave number apart, arise from a spin of the nucleus of the 
atom by which they are emitted With this nuclear spin there 
must, in general, be associated a magnetic moment 

Now, the mass of an atomic nucleus is great in comparison 
with that of the electron, so that its magnetic moment must be 
quite small even when the angular momentum associated with 
the spin IS large It is therefore found convement to express the 
values of nuclear magnetic moments in terms of a quantity 
equal to ysVo called the unit oj nuclear magnetic moment or 
nuclear magneton, and denoted by while the spin is still 
measured in terms of the unit hj2n Hence, in the case of an 
alkah atom the nuclear magnetic moment can only be a very 
small fraction of the magnetic moment of the atom, and is 
thought to play no appreciable part in the precision deter- 
mination of pg by the method of Meissner and Scheffers It also 
foUows that it is impossible to determine by direct deflection 
methods the magnetic moment of the nucleus of an atom whose 
electron system possesses a moment of the order of a Bohr 
magneton Direct measurements are only possible with atoms 
or molecules where the magnetic moment arising from external 
electron configurations is practically zero Such a case is 
provided by the orthohydrogen molecule, but here, of course, 
the determination of the nuclear moment is compheated by 
the presence of molecular rotations 
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Fortunately, there generally exists a weak coupling between 
the nuclear spin and the spin of the external electron system of 
an atom which may be profoundly modified by the application 
of relatively small external magnetic fields In the strong 
fields employed m all the experiments described in the previous 
chapter, this coupling is broken down and the nuclear and 
electron spins are orientated independently of each other — 
fact, the behaviour of the spins is analogous to that of spm and 
orbital momenta in the Paachen-Back effect — and the particle 
behaves practically as if it possessed no nuclear spin In weak 
fields, however, the couphng plays an important role, and was 
shown by Breit and Rabi* and by Cohen and Rabi| to provide 
a method for the measurement of nuclear spms 

In the theory underlying the Stern-Gerluch experiments it 
was assumed that an atom whose electron system possessed a 
total angular momentum of JhjiTT units could set in U + 1 
positions with respect to the bnes of force of an applied field 
If, m addition, the atomic nucleus possesses I units of spin 
momentum, the two being normally coupled to give F = I + J 
and the field not sufficiently strong to decouple the nuclear 
and electron spms, then (2J+1)(27+1) positions become 
possible We get 2{J + 7) + 1 states with total angular 
momentum quantum number J + I, 2(7+7— 1) + 1 states 
with total angular momentum quantum number 7 + 7—1, 
and BO on to 2(7 — 7) + 1 states with total angular momentum 
quantum number 7 — 7, and it is easily seen that the number 
of states adds up to (27 + 1) (27 + 1) 

Now, in the state with total angular momentum quantum 
number 7+7 we do not know a prion whether the axes of 
magnetic moment of the nucleus and the electron system are 
set parallel or antiparallel, or, we may say, whether the magnetic 
moment of the nucleus is positive or negative We must therefore 
realise at the outset that the energy of each of these states when 
a magnetic field is applied depends on whether the nuclear 
magnetic moment is positive or negative Thus, in a magnetic 


• G Breit and I I Rabi, PAyj Rev 38,2082,1931 See also H Kopfenaann, 
Ergeh dex exalct ITt-sden 15, 242, 1936 

f V W Cohen and I I Babi, Phys Rev 43, 582, 1933 
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field 2^ the component of F parallel to la = 7 + J, where 
7 takes the values 7,7-1, , - 7, and J the values J, J - 1 , 

— 7,80 that for a state where 7 = ^, the energy is changed 
by an amount 




or by 


AE 

AE, 

217 \l 


2(274-1)- 2 \ 


(120) 

AE 

AE, 

f. 21/ \i 


2(27 + 1)^ 

^ 2 1 


(127) 


according as the nuclear magnetic moment is positive or 
negative The upper sign applies to il7 = 7 + 7 and the lower 
to M = I— J In equations (126) and (127) 


y = 

where AE is the energy difference, hc'ip, corresponding to an 
overall separation Av between the hvperhne structure com- 
ponents of the multiplet term, or the difference m the energy 
levels when the nuclear and electron angular momenta are set 
parallel and antiparallel respectively, and g is the Land6 
splitting factor for the electron system 
The force which acts upon an atom along the x axis due to the 
presence of a non-homogeneous held is, therefore, either 


or 


_ _ dE dy dJ^ 

dy dTf dx 
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(128) 


- ( 129 ) 


with the same sign convention as before. 
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In other words, the atom appears to possess a senes of 
effective magnetic moments or /i_erfi according as the 

nuclear magnetic moment is positive or negative, whose 
values depend on the magnitude of The experiments now 


Fig 65 Hyperfine Btructure of atonuo raya 

to be described deal with the measurement of this effective 
magnetic moment and lead to a knowledge of M and AE, 
whence, assummg that J is known, the value of I can be found 
Moreover, the sign of the nuclear magnetic moment can be 
directly deduced from these expenmentt., and its magnitude 
can be calculated fiom the experimental value of AE on 


HYPEHFINE STSUCTTJRE OF ATOMIC EAYS 

the basis of wave-mechanica formulae denved by Groudsmit 
and others, with which we shall not deal 

Let us now take the particular case of an hydrogen atom 
with I = i, J = ^ and(/ = 2 Then whether we assume the 
nuclear magnetic moment positive or negative we get the same 
four values of /leii, coneapondmg to J/ = 1, 0, 0 and — 1, 
namely, 

(1 7^2)1 /‘b- (TTjrpji^B. and -1/lB 

Hence by deflections of the atoms in a strong Stern-Gerlach 
field alone we cannot distinguish betw een positive and negative 
nuclear magnetic momenta 

Two of the above values contain y and are, consequently, 
functions of as shown in Fig 68 In a weak field, which may 
be said to correspond to y < 0 1 , a beam of atoms after passage 
through the field should therefore give four lines or traces on 
a receivmg surface, two deflected and two so httle deflected 
that the pattern should practically consist of thiee traces 
As the energy differences between the various jiositioiis in the 
field are so small, the four positions aie almost equally 
probable, and, consequently the central trace should have 
twice the intensity of either of the displaced ones In a strong 
field, say, where y>3, the coupling is destroyed, and only two 
traces should be observed In fields of intermediate strength, 
say, where y = \, four separate traces should be found 

Turmng to equations (128) and (129) we see that for certai i 
values of y, 1 e = 0, or an atom with total magnetic 

number M will appear to possess zero magnetic moment Taking 
tbe appropriate values of M and plotting the values of the 
effective magnetic moment against the corresponding values 
of y, we obtain a set of curves which illustrates this behaviour 
in a striking manner, and shows how the several traces arise 
Thus, if we take / = f and / = J, the appropriate values of M 
are J, J, 0, 0, — J, — | , and these give the set of curves of 
Fig 65a, showing that a pattern of six lines corresponding to 
(2xf+l)(2x|+l) = 6 IS possible m moderate fields, and 
these close together to form a two component pattern in 
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strong fields Similarly, for / = f the curves of Fig 566 are 
obtained, giving a pattern of eight lines in moderate fields 
Sets of curves for / = f and I = \ are likewise shown in 
Fig 66 c and d respectively 

Experiments of Rabi and Cohen The above sets of curves 
show that the determinations of nuclear spins may be made by 
two distinct methods In one method, of which the experi- 
mental arrangements are shown in Fig 66, a beam of sodium 
atoms passed through the vertical sht i9j of a mckel furnace 
The beam then passed through the sht to pass some 6 cm 



within a strong Stern-Gerlach field which spread it into two 
deflected beams The sht Sj allowed atoms of approximately 
the same velocity from one of these beams to pass through two 
more non-uniform fields The first was a weak analysing field 
B, between pole tips 1 8 cm long in which the nuclear and 
electron spins were no longer decoupled and the atoms were 
sorted into (27 -|- 1) components The second was a stronger 
field C between pole tips 1 8 cm long, it acted to about the 
same extent on all the components separated by B, displacing 
them more or less equally towards the position occupied by 
the original undisplaced beam C thus produced a focusmg 
effect and removed any scattered atoms 

A tungsten filament was moved across the final beam and 
was allowed to collect atoms, on account of their small 
number, for a known interval of time, whereupon the filament 
was then suddenly heated by the passage of a current and the 
positive ion emission to the plate P was measured by a valve 
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amplifier and ballistic galvanometer In this way four well- 
defined peaks were obtained in the curve showing the number 
of atoms received per second by the filament plotted against 
the position of the filament as it was moved across the final 
beam by turning the ground joint O Since the beam consisted 
of four branches, then 2/ -t- 1 = 4, or I = | The experiment, 
of course, gives no direct information concerning the magnetic 
moment of the nucleus 

The Method of Zero Momenta In the second method of 
measuring nuclear spins by the use of weak fields, a beam of 
atoms of approximately the same velocity is separated by a 
strong field and allowed to pass through a w eak non-uniform 
field, whose strength may^be continuously varied as required, 
to fall upon a fixed receiver placed to collect the maximum 
number of atoms when the field is not excited Then, starting 
with a very weak field and increasing it gradually, the number 
of atoms collected by the receiver should decrease at first but 
later rise to a maximum, and with continued increase in the 
field successive maxima corresponding to the points A, B and C 
should be obtained in the cases of atoms repiesented by the 
curves of Fig 55 c or 55 d This is because those atoms for 
wluch /tell = 0 are not deflected by the field and hence at 
every value of the field for which a particular set of atoms 
possesses zero effective magnetic moment a maximum number 
must in general be collected by the receivei In the case repre- 
sented by Fig 55 c we see that, if a maxunum number is 
recorded for a value of the field hfj, successive maxima should 
also occur at values and 5H^ only, i e the three successive 
maxima should be unequally spaced Similarly, in the case 
represented by Fig 55d, the maxima should be equally spaced 
at HJ, 2llj and 3I/iOnly The number of successive maxima and 
their spacing is therefore sufficient to fix the value of I uniquely, 
provided that I is large enough to give two or more maxima 
This was the method used by Cohen* in the determination of 
the nuclear spin of caesium, by Millman’j' for the nuclear spm 

• V W Cohen, Phys Rev 46, 713, 1034 

I S MiUman, Phya Rev 47, 739, 1935 
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of potassium and by Fox and Rabi* for the nuclear apms of 
lithium, potassium and sodium 

Cohen used the same apparatus as that used by Babi and 
Cohen for sodium, except that m order to deal with caesium 
iSj was made rather wider, narrower and was made a 
fine collimator sht The deflectmg field was provided by B 
alone The intensity of the beam was measured for different 
values of the current in the field coils of B, with the receiver 
placed in the position in which it received the maximum number 
of atoms when this field was not excited The experimental 
curve, after allowance for an estimated background of atoms 
With fimte moment, showed the existence of three equally 
spaced maxima, i e the expenment showed directly that I was 
equal to ^ and not It was unnecessary to know the value 
of the field B m absolute measure — only the proportional 
change of the field with magnetising current was required and 
this was found by simple search-coil measurements The mam 
source of uncertainty would appear to be in the estimation of 
the background of atoms with fimte moment, but this should 
have httle effect on the final conclusion concerning the value 
of/ 

The resolution obtained in measurements by the method of 
zero momenta depends directly upon the length of the path of 
the atoms in the weak field B This length is of course severely 
restricted when wedge and trough pole pieces are used Rabi 
and his collaborators have shown, however, that a weak non- 
uniform magnetic field may readily be produced by using a 
system of two (or four) long parallel wires carrying the same 
current in opposite directions The cross-sections of two 
water-cooled conducting tubes used for the passage of heavy 
currents are shown in Fig 57 a, where the position of the beam 
with respect to the conductors is indicated by the line BB 
The conductors were ngidly mounted m a duralumin block 
and insulated by mica With this arrangement the field and its 
gradient along the z axis can be calculated from the geometry 
of the system, and the need for field measurements disappears 
Let 2a be the distance between the centres of the two tubes 
* M Fox and 1 1 Babi, Fhya Btv 48, 746, 1935 
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and and the distances from the two centres of a point m 
SS distant 1 2a from the line of centres as shown in the figure, 
then the field at this point is 


’ = 2C- 


2a 


d3e 2a , , 

J- “ ~ (’■l + ’'2) 2, 


and — — 

dz 

where C is the current m absolute units and z is the distance of 
the point from the plane contaimng the axes of the two tubes 



(b} r. 

Fig 57 MiUmnn's apparatus for nuclear spins 


For a value of z = 1 2a both the field and its gradient are 
reasonably constant over the region from y = —Ola to 
+ 0 la, the region occupied by BB m the figure. 

Such a system was incorporated in the apparatus used by 
Millman in the determination of the nuclear spin of potassium, 
shown diagrammatioally in Fig 57 b The oven sht Sj was about 
0 013 mm wide, about 0 2 mm wide, iSj about 0 IS mm 
wide, and the colhmating slit about 0 02 mm wide All 
these slits were of course parallel to the plane containing the 
axes of the wires or tubes Currents up to 200 amperes were 
passed in a system of four water-cooled tubes E used in pro- 
ducing the field, the diameter of the conductors being 0 248 cm 
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This dimenaion la of some importance, for Fox and Rabi usmg 
the same apparatus in a later examination of hthium, potas- 
sium and sodium obtained greater precision by the use of 
conductors of twice this diameter If Az is the error m 
measuring the distance between the atomic beam and the 
conductors, then 

dJffIdz _A3fe 

ye 

and hence precision is increased by reducing the ratio of the 
gradient to the field To counteract the decrease in resolution 
Fox and Rabi used narrower beams 

Although Millman’s curve showing how the number of 
atoms collected by the receiver depended on the current m the 
tubes bore remarkable similarity to that deduced theoretically 
on the assumption that for K^®, f = |, it did not permit a 
definite statement to this effect, since curves for / = f and 
I both give single maxima for fields greater than zero 
It was, however, possible to decide definitely m favour of 
I = by fixing the value of the field current at that value 
at which the maximum number of atoms was collected, and 
then obtaining the intensity distribution of the atoms m the 
beam under these conditions by displacing the detector D by 
rotating the ground-glass joint G The experimental curve 
was then compared with curves calculated for the two values 
of I An irregularity in the curve of the number of atoms 
against current in the W'lres was attributed to the presence 
of atoms, and under conditions of high resolution this 
irregularity was found to give a clear maximum from which 
Manley* deduced that the nuclear spin of was f 

The Determination of the Hyperfine- Structure Separation. 
The hyperfine-structure separation AE la contained in the 
parameter y of ( 126 ) and ( 127 ) and can be determined from the 
experiments of Millman and of Fox and Rabi provided that 
1 and the values of and dJ^Jdz, where ye^ is a value of the 
deflecting field for which = 0, are accurately known, 
since AE = 2 / 1 ^ ^o/l/ = '^T’b + 1 ) This reqmres an 


* J H Manley, Phys Rev 49, 921, 1930 
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accurate knowledge of the position of the beam with respect 
to the field wires, and is best obtamed by a special method 
adopted by Fox and Rabi In their work the intensity of the 
atomic beam in the absence of the deflecting field was first 
found as a function of the position of the receiver, to provide 
a comparison curve The end of the block supporting the field 
wires was then gradually raised until a fine wire, or stopping 
filament, mounted on the receiver end of the bloek parallel to, 
and at a known small distance above the surface of the wires, 
blocked out the middle portion of the atomic beam, or rather, 
produced a min imum intensity in the shadow cast by the 
filament with a maximum on either side Now the colhmating 
sht iSj was previously set by means of a telescopu parallel to 
the wires and at a measured distance fiom their surface, since 
the middle of the atomic beam passed through both that of Sj 
and of the stopping filament, the position of the beam with 
respect to the wires was accurately known 

The stopping filament could now be removed either by 
burning it out by the passage of a heavy current, or, the 
colhmating slit could be moved a known distance either to- 
wards or away from the surlace of the wires until the stoppmg 
filament no longer blocked the beam The second method was 
obviously the more desirable The apparatus was re-set many 
times in order to avoid systematic errors in the measurement 
of the position of the beam The velocity of the selected set of 
atoms had to be maintained constant and the oven was 
accordingly kept at a steady temperature for some hours before 
measurements were commenced The effect of stray magnetic 
fields on the value of was eliminated by taking the mean 
value for the field current m opposite directions Allowance 
was made for end effects of the held wires The mam experi- 
mental error, of course, lay m the measurement of z, and Fox 
and Rabi estimated it to be of the order of 1 per cent 

The values obtained for the hyperflne separations zfi' of 
alkah atoms are given m the table on p 199, the values being 
expressed in cm using the relation Av = AEjJtc, the values 
of the nuclear magnetic moment calculated therefrom are also 
given 
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The Magnetic Moment of the Proton Experiments with 
Molecular Hydrogen It has already been remarked that a 
direct determination of a nuclear magnetic moment is possible 
only when the permanent magnetic moment of the electron 
system is zero Now molecular hydrogen is diamagnetic, and, 
therefore, the molecule possesses no permanent moment, so 
that direct measurements of the magnetic moment of the 
nuclear system of the hydrogen molecule should be possible 
Direct determinations by the molecular ray method have been 
made by Frisch and 8tern* and by Estermann and Stern,| and 
the magnetic moment of the proton deduced from them An 
ajiparatus very similar to that shown in Fig 53 was used, with 
a Stern-Geilach instead of aKabitype of held for producing the 
magnetic deflections 

^ Unfortunately, ordinary hydrogen is a mixture of para- 
hydrogen, m which the two protons are set with their spins 
antiparallel, and oitliohydrogen, in which they are set with 
their spins parallel with an associated magnetic moment of 
2//„, or 2 nuclear magnetons (1 nuclear magneton = 1/1840 
Bohr magneton) At very low temperatures, about 99 per cent 
of the parahydrogen molecules possess no rotational energy, 
but the orthohydrogen molecule possesses at least one hj^n 
unit of momentum even at liquid air temperatures, although 
the cou])ling between the rotation and nuclear spins is very 
small and is readily destroyed in a Stern-Gerlach field The 
pattern for a beam of orthohydrogen molecules should there- 
fore, theoretically, consist of two deflected and one undeflected 
beam, each beam consisting of three components correspondmg 
to the magnetic moment due to the molecular rotation bemg 
aligned parallel or perpendu iilar or antiparallel to that due to 
nm lear spin The determination of the magnetic moment of 
the proton thus requires the determination of the magnetic 
moments of the ortliohydrogen molecule and the magnetic 
moment l/ijf due to the molecular rotation, the difference be- 
tw ecn them being twice the value of the magnetic moment of 
the proton The quantity is determined from experiments 

• K Prisrli and 0 Stem, Zei( /iir Phys 85, 4, 1933 

t 1 Estermann and 0 Stem, Ze%i Jut Phys 85, 17, 1933 
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on pure parahydrogen, for at 90° K this consists of 98 3 per 
cent of molecules in the state 1 = 0 and 1 7 per cent in the 
state I = 2 The relative numbers of molecules in the various 
quantum states can be calculated at higher temperatures from 
Boltzmann’s formula The maximum intensity of the undis- 
placed pattern when the field is applied can be compared with 
the value calculated from an assumed value of and the 
distribution in the several quantum states at the temperature 
of ‘the experiment and a satisfactory estimate thus made 
Fortunately, the value of is relatively unimportant A 
similar experiment is then performed with ordinary hydrogen 
and the maximum intensity of the undisplaced beam when the 
field is applied is compared with that calculated on the assump- 
tions that the relative percentage of ortho- and para-hydrogen 
molecules are known, that the orthohydrogen molecules 
possess a magnetic moment n'/j,,, where n' is an integer, 
and that the distribution of rotational states in the beam is 
known In this manner was found equal to 0 9/r„, a value 
agreeing with that calculated by Wick,* and the nuclear 
magnetic moment of the orthohydrogen molecule equal to 
5/1^, whence that of the proton was 2 6/4„, correct to about 
10 per cent 

These experiments have been continued with practically the 
same apparatus by Esteimann, Simpson and Sternf using 
beams of normal Hj and HI) The latter molecule gives no 
ortho and para states and at 90° K , 55 per cent of the mole- 
cules are in the state i = 0, 40 m / = 1 and 4 in ? = 2, so that 
neglecting particles m the latter state, a fairly simple pattern 
for the deflected beams m a Stern-Gerlach field is obtained In 
this pattern there is a conspicuous absence of an undeflected 
component, so that there is a pronounced minimum in the 
middle of the pattern, in stiong contrast to the pattern, 
where there is a maximum Fortunately the theoretical pattern 
is not much affected by the value chosen for the magnetic 
moment of the deuteron, /ip At room temperatures, however, 
HD behaves less satisfactorily 

• Q C Wick, Zei( fUr Phys BS, 25. 1933 

t I Estprinww, 0 C Simpson and O Stem, Phyn Rev 52, 636, 1917 
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From the ratio of the intensities I and 1q at the centre of 
the undeflected beam observed when the field was on and off 
respectively, the deflection of a H 2 or HD molecule of the most 
probable velocity at 90“ K with a magnetic moment of /tp 
was calculated, and by substitution in the formula (120) of 
p. 165, ftp could be found In the calculations it was assumed 
that the separations iSp and iSp of the triplet components due 
respectively to the rotation of and to the magnetic moment 
of the deuteron were each equal to jSp, where iSp is the 
separation due to the magnetic moment of the proton 



(a) 



Fip 58 MagnctK moment of h\(lropcn atom 


Special methods were used to measure the inhomogeneity 
of the field, an ingenious double search coil being used to find 
dJtjdx directly Corrections were applied to allow for 
departures from the Maxwell distribution of velocities caused 
by traces of gas in the apparatus, for the finite width of the 
receiver sht and tube or canal and for the residual field of the 
magnet The final result was iip = 2 46^„, a value now known 
to be too small, probably due to more uncertamty in the value 
of J^dJ^ldx than was thought possible 

Experimenta with Atomic Hydrogen In the case of the 
neutral hydrogen atom it is known that I = \ and J = \, and, 
consequently, m weak fields a lour-component pattern must 
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be produced This is shown in Fig 58 a, the four components 
corresponding to 

/<err = +/<B or - 

where y = 2/i2j M'' j/iE = '2ju,g ^ jhcAv, 

Av being the separation in wave numbers of the hyperfine- 
structure levels corresponding to the electron spin and nuclear 
spin set parallel and antiparallel respectively Now, while it is 
thought that the magnetic moment of the proton /ip is equal 
to Av/0 0169, there is no optical data from which Av can be 
calculated, but it may be obtained if we determine the value 
of y for a known field from atomic ray experiments now to 
be described 

In the experiments of Rabi, Kellogg and Zachanas* a beam 
of neutral hydrogen atoms w as produced in a Wood discharge 
tube D, Fig 586, and allowed to pass through a glass sht 
into the antechamber A of the atomic ray apparatus, whence 
they passed through a steel limiting slit to traverse a highly 
evacuated chamber to a collimating slit Sj On leaving iS', the 
atoms passed over a wire system, piodiicing the weak non- 
uniform magnetic field, mounted inside the still more highly 
evacuated chamber B, to fall upon the receiver P The latter 
was a glass plate coated with a layer of molybdenum oxide 
soot, cairied on a slide which could be moved across the beam 
by a magnetic control The correct alignment of the hmiting 
slit iSj was very important and was made by setting it with 
the aid of a trace made on a detecting plate placed between 
iSj and S 2 , alignment by the usual optical method was not 
adequate A deposit suitable for measurement was obtained 
on P with exposures of some few hours’ duration The pattern 
consisted of two traces or bands 

Now, no velocity selector was u.sed in the apparatus Con- 
sequently, each set of atoms with a particular value of /leii had 
a Maxwellian distribution of velocities The faster atoms were 
deflected less than the slower atoms and hence each set of 
atoms was spread out into a band The two experimental 

• I I Rabi, J M B Kellogg and J R Zachanas, Phyo Rev 46, 157, 1034 
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traces were therefore formed of the superimposed deposits of 


atoms with /ierr = + fi-B + 




and with^A 0 i( — 


and — JY ^ to the measurements with 

these deposits the theory given on p 175 was apphed 

For the deposits corresponding to equation (124) 

was (after integration) rewritten in the form 


(Is),, = hRs, Sj. (130) 

where /, is the intensity of the trace at a point with displace- 
ment a and is the most probable displacement of an atom 
with /Aeir = ±/“b, and could at once be calculated from a 
knowledge of the field gradient and the geometry of the 
apparatus For the deposits coi responding to 


m hke manner could be written 

{!,),■= hRo.s.), (131) 

wheres, , the most pi obable deflection of an atom with /leji = /i', 
had to be found from the expermental measurements /„ 
occurs in the two equations (130) and (131) as aU four values 
of fieii are equally probable 

Now, when the separation 2 sj of the inside edges of the 
traces and the separation 2*2 of their outer edges were 
measured by a microscope with micrometer eyepiece, this was 
equivalent to finding four regions of equal intensity on the 
traces Hence these values could be substituted in equations 
(130) and (131), thus giving, for the total intensity at either 
of the four points, 

(IsXb'^(Ii,)i‘ = (Is,),, + (Is,)li’’ 

whence f{a^,a^) +f{a^,a^) = +f{s^, s^) (132) 

In (132) all quantities except were known, so that the latter 
could be calculated By substituting a^, m equation (124) of 
p 175 the value of /a' and, hence, y and Av were found Cor- 
rection was, of course made for the fact that the whole path 
of the atoms did not he in the magnetic held The final value 
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SO obtained for pip was 3 25 ± 0 3/t„, instead of the value 2 80 
now generally accepted, presumably because of incorrect know- 
ledge of the average velocity of the atoms in the beam 

The, Magnetic Moment of the Deuteron Rabi, Kellogg and 
Zacharias* also used the apparatus just described to determine 
the magnetic moment of the deuteron, by sending through it a 
beam of neutral deuterium atoms from a Wood discharge tube 
The deuteron has a spin of \ unit and therefore gives a pattern 
with SIX components The value of Av for the deuteron was 
found in the same way as the corresponding value for the 
proton, and the magnetic moment of tlie deuteron pp calcu- 
lated from the theoietical result /ip = AvjO 0127 The experi- 
ments were difficult, because of the three deposits m each trace, 
the smaller value of dv and the difliiiilty of freeing deuterium 
from hydrogen The value of pp was found to be 0 76 + 0 2/i^ 
More accurate (letermmations will be discussed in Chapter xiv. 

The Process of Spatial Qunnhsatinn A very interesting 
problem was first studied theoretically by Guttinger and latei 
by Majorana and put to experimental test by Phipps and 
Stemf and by Frisch and Segre J Let us suppose that a beam 
of neutral potassium atoms traverses a strong Stern-Gerlach 
field, and that by means of a selector slit one of the two beams 
into which it resolves is isolated The selected beam is now 
allowed to enter a field which vanes rapidly in magnitude and 
direction as the beam proceeds on its way From the stand- 
point of an atom this would be equivalent to exposing a 
stationary atom to a field which varied in the same manner 
with time The beam then enters a strong Stern-Gorlach 
analysing field parallel to the first, and the problem is to 
determine how many atoms have remained with their magnetic 
axes set as when they passed the selector slit 

In Frisch and Segre’s ayiparatus the two strong Stem- 
Gerlach fields were produced by the same electromagnet and 
betw’een them lay a region, which was heavily shielded from 
magnetic fields by permalloy and iron shields, m which a 

• I I Babi, J M B Kellogg a-nd J K Zachanas, Phi/v Jiev 46, ltl3, 1934 
t T E Phipps and 0 Stein, Ze\t fur Phya 73 1431 

^ 11 Erisch and E Segr^, Zeit fur Phy^ 60, 610, 19JJ 
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weak field was produced by a current flowing m a wire Now, the 
theoretical discussions lead to the view that, when the angular 
velocity of rotation of the field was small compared to the 
frequency of the Larmor precession produced by the field, the 
atom should always adjust itself non-adiabatically to the field, 
e g maintain its magnetic axis either parallel or antiparallel to 
the field at any instant If the field changes were more rapid, 
abrupt changes or leversals, adiabatic processes, might occur, 
and on entering the analysing field any changes m apace 
quantisation sliould be detected 

The above experiments were inconclusive, and Rabi* 
showed that effects of nuclear spin were considerable and 
also that properly conducted experiments would give in- 
formation both of the magnitude of the spin and the sign of the 
nuclear magnetic moment Let us examine the particular case 
of hydrogen Referring to equations (128) and (129) and to 
Fig 58a we see that a weak Stern -Gerlach held will resolve a 
beam of neutral hydrogen atoms into four groups a, b, c, d 
Groups a, c and d all correspond to values of the total angular 
momentum quantum number F =1-1-1, while group b 
corresponds to F = 1— 1 = 0 since for the H atom / = 4 and 
J = \, assuming the nuclear magnetic moment to be positive 

If by means of a slit we let through the beam b, then no 
change can be registered in the analysing field, as transitions to 
another state are impossible, but if we let through beam a into 
a properly chosen rotating field, then transitions from the 
angular momentum state Id- 2 i possible, some of 

these states will have moments of opposite sign in the analysing 
field and give two beams therein If we let the beams c and d 
through the selector slit we should agam get two beams m the 
analyser Now the position of the beam b with respect to the 
field before the selectoi slit is important , if it is in the ‘ ' stronger 
field half” or the held nearer the wedge pole piece, then the 
nuclear magnetic moment is positive, if in the “weaker field 
half” it IS negative 

When the expeiiinent was performed, Kellogg, Rabi and 
Zachariast found a single trace for beam 6 in the analyser, 

* I I Rabi fViyj flei 49, J24 1935 

t J M B Kellogg, 1 1 Rabi and J R ZaLhanaa, Fhi/s liei 49, 421, 1936 
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hence the proton moment is positive, it was equal to 2 85 
+ 0 In like manner they found the deuteron moment 

positive and equal to 0 85 + 0 03 while Torreyg found the 
nuclear magnetic momenta of Na^ and to be positive 
T4HI I' \in 


Nucleus 

Observed 

j/-facbor 

Angular 

momentum 

Moment 

Diamagnetic 

Lonoction 


/ 


(%)• 


"I iTbliOOGlU 

i 

2 7890 

0 


0 a'>fi'i±0 0004 


0 8565 

0 

,Li" 

0 H2U±0(KM)') 

1 

0 H213 

0 01 


2 KiHHii- 0 0010 

! 

3 25 12 

0 01 


0 704 ±0 003 

f 

- 1 lib 

0 02 

,B‘“ 

0 "jOH ±0 003 


0 59H 

0 03 

bD” 

1 791 ±0 (K)> 

i 

2 686 

0 03 


1 402 ± 0 004 

1 

0 701 

0 03 

-N'* 

0 401 ±0 002 


0 401 

0 04 


0 590 ±0(K>6 


0 2S0 

0 04 

,F« 

5 250 ±0 005 

1 

2 625 

0 06 


1 47b5±0(M)15 

i 

2 215 

U 08 

.lAB’ 

1452 ±0 004 


1 6J0 

0 10 

i,Cl« 

0^,47 ^0 002 
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0 14 

1-CN' 

(14*14 ±0 002 


I 136 

0 J4 

i.K« 

0 200 ±0 001 

i 

0 501 

0 16 


0 141 ±0001 

J 

0 215 

0 16 

„Rb»‘ 

0 5 JO ^0 00J 


I 540 

0 59 


1 822 -i-OlMJO 

J 

2 7J.1 

0 iO 

„ln>'" 

— 

5 480 

(1 04 


— 


5 490 

U 04 


0 711 ±0 002 


2 558 

0 67 

..Ba»» 

0 558 ±0 002 

i 

0 817 

0 68 


0 024 +0 002 

5 

0 9 10 

0 68 


* To be o-ddod to the moimut 


Values of the nuclear spins, magnetic moments and (/-factors 
obtained by the atomic-iay method are given atove, many of 
them were obtained by the new and powerful method de- 
scribed in Chapter xiv 

In addition to the values for the magnetic moment of the 
proton given in the above table, a valuable check is provided 
by the measurements of Lasarew and Schubnikowf on the sus- 
ceptibility of solid hydrogen which give /tj. = 2 3/(„+ lOpercent 
As a sound working rule§ it ajipears that the magnetic and 
mechamcal moments of a nucleus are entirely to be attributed 
t H C Tomy, fJiya Rtv 51, 501. 1937 

j B G Lasarew and L W feLhubnikow, ZriI Sowjel 10, 117. 1030 and 
11, 445, 1937 

s Th Schmidt, Zal fur Phys 106, 358, 1937 
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to the last odd particle, neutron or proton, to be added m the 
formation of the nucleus, e g the properties of 3L1’ are decided 
by the last proton, while those of aoZn®^ are decided by the 
last neutron 

The Magnetic Moment of the Neutron We have just seen 
that the magnetic moments of the proton and deuteron are 
respectmely 2 79 and 0 with f = ^ and / = f The value 



Fi^ G9 Majinotic moment of the neutron 


of I for the neutron is undoubtedly \ Hence, if a neutron 
and a proton combine to form a deuteron, it would be expected 
that the magnetic moment of the neutron would be about 
— 1 since the nuclear spins would have to be directed 
parallel Now the neutron has a mass 1 009 units (O = 16) and 
possesses no electric charge, and, consetjuently, it is hardly 
affected by the electric faelds of the atoms of substances 
through which it passes 

It occurred to Bloch* that the magnetic field of the neutron 
might interact with the magnetic fields of the extranuclear 
electrons m ferromagnetic substances through which it passed 
Halpern and Johnsont suggested a similar interaction between 
the neutron and atoms of paramagnetic substances Several 
experiments based on Bloch’s ideas were carried out, and, 
although exceedingly difficult to interpret, thej proved that 
the neutron possesses a magnetic moment The magnetic 
interactions are very small, but they act over regions large 
compared with the fields of force of atomic nuclei, and are, 
therefore, relatii ely more effective than those responsible for 
the well-established nuclear scattering 

• r Bloch, Phtfis Rn 50, 25B, I9Jh 

I 0 H&lpeni and M H Johnson, Phys Rev 61, 992, 1937 
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Thus Hoffman, Livingston and Bethe* produced a beam of 
alow neutrons, i e neutrons absorbed by cadmium, from a 
beryllium-radon source S of approximateh .lOO millicuries, 
colbmated it by apertures m cadmium shields and allowed it 
to pass through two magnetised iron bars, as show n m Fig 5'), 
at right angles to the magnetisation, w hereupon the unscattered 
neutrons were registered by an automatic counter filled with 
BF, According to Bloeh’.s theory the numbei of neutrons 
scattered should depend on whether the spin of the atom i.s 
parallel or antiparallel to that of the neutron The first iron 
bar acta as a polarisei and the second as an analyser, and tlie 
number of neutions tiansinitted should be larger when the 
magiietrsations of polanser and analyser are jiarallel than 
when antiparallel This was found to be the case experi- 
mentally, but the difference in numbers of the particles for 
parallel and antiparallel magnetisation.s was only of the order 
of 1 8 + 0 54 per cent This was, however, three times as great 
as the estimated expeiimental error, and in agreement with 
Bloch’s theory, which predicted a difference of some 2 J jiei cent 

Using the Rabi method described on p IfiS, I’owersJ showed 
that the magnetic moment of the neution is negative Let us 
suppose that two sots of iron sLiips some 10 cm apart are 
placed with their planes perpendicular to the paper and mag- 
netised m the direction towards the reader Let two long 
parallel wires, carrying equal currents in o|q) 0 site directions, 
pass perpendicular to the jiaper into the icgion between the 
plates By proper adjustment of the currents and the position 
of the plates, the resultant of the magnetic field of the wires 
and the stray field of the plates can be made to i ary rapidly 
and so produce adiabatic transitions oi orientations of the 
neutrons m their passage between theplat-es When the currents 
are in such a direction that transitions for a negativ o magnetic 
moment would be facilitated, the transmission of neutrons by 
the system is reduced, hence the neutron must have a negative 
magnetic moment The best method of measuring the magnetic 
moment of the neutron is described in Chapter xiv 

• J G Holfman, M S Livin^«)ton and H A Bethe, Phys Jiev 61, 214, 1937 

t H N Powers, Phya Rev B4. B27, 1938 
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CHAPTER VII 


GYROMAGNETIC EFFECTS 

Introduction In describing the more elementary properties 
of magnetic substancea the individual magnetic particle is 
usually pictured as a magnetic doublet or dipole We have 
seen in earlier chapters that this picture is inadequate and that 
the particle possesses the properties of a gyrostat As early as 
1861 Clerk Maxwell* devised an experiment m which he 
sought to detect the inertia of the Amperian currents which 
the molecules of a permanent magnet were then thought to 
contain The experiment failed, and we know now that the 
effect sought is too small to be detected, even with modern 
eqmpment In 1890, Perryf suggested that the elementary 
magnetic particle might be a tiny gyrostat and unsuccessfully 
tned to magnetise an iron bar by rotating it about its axis, but 
the first published re( ognition of the gyrostatic properties of 
the electron is due to O W Richardson f whose paper m 1908 
started a train of experiments which will now be described 

The Properties of the Gyroscope In outlining these experi- 
ments it is helpful to consider the behaviour of a simple gyro- 
scope, as illustrated in Fig 60a The rod AR is pivoted at 
O' so that it can turn about the axis X F The flywheel I is 
pivoted at a and b, so that it may lotate about the axis AB, 
and IS counterpoised by the weight W The whole system is 
also free to turn m a collar about the vertical axis of support 
Now, two important and fundamental experiments may be 
earned out by means of this apparatus, assuming frictional 
effects to be very small 

First, the flywheel is set into rapid rotation about its axis in 
a clockwise direc tion as viewed from A , when W is sufficient to 
keep the axis A .6 horizontal The system is then slowly turned 

• T Clerk Maxwell, Electricity and Magnetiam, § 575 
t J PcTT}, Spinning Tops^ p 112, 1890 
^ 0 W Richardson, Phye Rev 26, 248, 1908 
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about the vertical axis in a clockwise direction when viewed 
from above Thus, if in Fig 60fe, PQ represents the angular 
momentum of the wheel m magnitude and direction at the 
start, then after a short time the axis AB will have turned 
through an angle Sd about the vertical axis and the line PQ' 
will then represent the angular momentum in magnitude and 
direction Hence there has occurred a change m angular 



Fig 60 T}ic<)iy of the gyroHiojie 


momentum represented in magnitude and direction by QQ', 
1 e about the axis X Y, so that an increase in the angle <j) must 
have taken place In other words, as the system is forced to 
rotate clockwise the flywheel must tend to dip downwards 
When the direction of rotation about the vertical axis is 
reversed, other conditions remaining unchanged, then the 
wheel must tend to rise 

Secondly, while the wheel is rotating about ah the angle {A 
may be increased or diminished by respectively decreasing or 
increasing the weight W by an amount AW It is then found 
that the system as a whole rotates about the vertical axis, for. 
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refemng to Fig 606, it follows that QQ' now represents m 
magnitude and direction the product of the apphed couple 
and the time for which it acts, and it represents the change m 
angular momentum which is equal to I(i)dd The couple is 
dO 

thus equal to equal to the moment of AW about XY, 

where I is the moment of inertia of the flywheel about ab, u) is 
its constant angular velocity and dt is the time m which the 
change dd occurs Hence the whole system must tend to turn, 
or to precess, about the vertical axis with an angular velocity 
ddjdt 

Types of Oyromagnttic Experiments With these two fun- 
damental experiments in mind the theoretical basis of the 
magnetic experiments described in this chapter can readily 
be appicciated In general it is sufficient to describe four 
different tyjies of expenrnent which have been carried out, 
although, as Auw ers* has shown, it is possible to tabulate some 
eight different types To describe the first type, consider the 
rod AB, Fig 60c, which is permanently magnetised in the 
direction of its long axis This we may suppose to correspond 
to the rotation of the majority of the elementary gyrostats in 
the same sense about axes parallel to A B Hence, if the rod 
AB were turned about the axis XY, then the elementary 
gyrostats should turn in an endeavoui to counteract this change, 
and should thus cause the whole bar to turn about an axis 
perpendicular to AB and to XT This was the unsuccessful 
experiment devised by Maxwell 

In the second type of experiment, imagine the rod AB to 
be initially unmagnetised, i e the elementary gyrostats have 
then axes orientated in all possible directions Hence on 
rotating the rod about the axis AB the gyrostats will tend to 
set with their axes in the same sense and parallel to AB, even 
m the absence of an external magnetic field This may be 
directly deduced from the second fundamental experiment 
described above It therefore follows that the rod wiU be 
magnetised parallel to the axis AB, and the phenomenon is 

• 0 V Auwers, Naturwaaen 13 , 202, 1935 
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referred to as magnetisation by rotation and sometimes as the 
Barnett effect 

To explain the third type of experiment suppose that the 
rod IS unmagnetiaed and suspended with the axis AB vertical 
Then by means of an external applied field the rod may be 
magnetised parallel to this axis, i e the elementary gyrostats 
made to set with their axes of rotation parallel to AB There 
will thus be a change in the angular momentum about AB to 
which there must be an equal and opposite reaction If it is 
assumed that this reaction is experienced only by the rod — 
without making any conjectures as to the mechanism by which 
the reaction is communicated to it — then the whole rod must 
rotate about the axis AB in the opposite direction to that in 
which the majority of the gyrostats finally spin Referring to 
Fig 60a it IS seen that if the angle <j) were suddenly decieased 
then the system would receive an equal and opposite impulse 
which would cause it to process round the vertical axis in 
an anticlockwise direction when viewed from above Thus 
rotation should accompany magnetisation, a phenomenon 
known on the continent as the Einstein-de Haas effect and in 
England as the Richardson effect It permits the most satis- 
factory investigation of the gyromagnetic aspects of magneti- 
sation , for, if we sudderdy magnetise the rod so that A be- 
comes north-seeking, then the rod must rotate clockwise or 
anticlockwise about its axis as viewed from the right ac- 
cording as the magnetic particles are positively or negatively 
charged 

Experiments of the fourth type involve the use of a rotating 
magnetic field whose lines of force are always perpendicular 
to the axis The effect of such a field in making the magnetic 

particle turn should correspond to that produced by a couple 
in turning the system of Fig 60o about the vertical axis, 
resulting in an increase or decrease of the angle 0, thus 
causing a change of angular momentum about that vertical 
axis In other words, the transverse rotatmg magnetic field 
should produce a longitudinal magnetisation 

In order to estimate the magnitude of the mechamcal 
effects accompanying magnetisation we must knowthe relation 
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between the angular momentum U and the magnetic moment 
fi of the elementary magnetic gyrostat, the ratio Vj/i 
being termed the gyromagneiic ratio and denoted by p We 
saw in Chapter l that, for an electron describing a circular 
orbit p = 2m/e, for a spinning electron p = m/e, and for an 
electron system for which g is the Lande splitting factor 

p = — — By means of gyromagnetic experiments, then, we 
measure — and if we find that g = 2 we know that the 

g e 

elementary magnetic particle owes its properties to electron 
spin alone, whereas if we find that g lies between 0 and 2 we 
know that orbital as well as electron spin motion is involved 
Since 2mle = 1 137 x 10^’, it is clear that the angular momen- 
tum accompanymg change of magnetisation is always quite 
small , to facilitate comparison with other works the value in 
this chapter has been taken to be 1 13 x 10“’ 


Barnett's Experiments on Magnetisation by Rotation Let 
us suppose that the magnetic properties of the bar in Fig 60 c 
are due to electron systems each of angular momentum XJ, 
and that the bar is set rotating with angular velocity cr about 
the axis AB Each electron system whose axis makes an 
angle 6 with AB will be acted upon by a couple Uat.mO 
tending to turn its axis of angular momentum parallel to AB, 
causing an increase in magnetisation paiallel to AB Now, 
whether the gjrrostats are turned by the application of an 
appropriate magnetic field parallel to 4 B or by rotation 
of the bar, the result is the same, so that Jtf'p sin 6 — — Ucrnm 0 
OT ^ = — aU I p = —pa = —2nnp, where n is the frequency of 
rotation of the bar, we may call the equivalent magnetic 
field, the negative sign merely indicating reaction 

The experiment gives no mformation at aU concenung the 
process of magnetisation Indeed, we might suppose that the 
impressed angular velocity a corresponds to the Larmor 
precession produced by a in which case, cf p 11, 


■ — ^ — for orbital motion, giving ,5^" = — ‘lunp for the general 


case 
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It thus follows that i{j^ and n are determined then p can be 
found, but it IS impossible to measure the magnetic elfeots of 
small fields like ^ except in the case of ferromagnetic sub- 
stances The experimental procedure consists m rotating a 
bar of ferromagnetic material m a field-free space and com- 
paring the intensity of magnetisation it thus acquires with 
that produced by the application of a known external field 
Two different experimental arrangements have been used by 
Barnett*, in the first the magnetisation was detected by an 
induction method, in the second by 
a magnetometer method With the 
first arrangement laige iron rods ap- 
proximately 1 m long and 7 cm m 
diameter were used Two identical 
rods were mounted parallel to each 
other and with their long axes m the 
magnetic meiidian in a region over 
which the total intensity of the 
earth’s magnetic field was neutral- Fig 6I Mpsfluremcnt of nmg- 
ised by means of coils cairying 
currents The arrangement is shown 

diagramniatically in Fig (il One of the rods, the rotor, could 
be rapidly rotated wliile the other, the stator or compensator, 
was at rest 

Identical coils were wound on formers placed as shown over 
the two rods and the change of flux produced by stopping the 
rotor was compared with the change of flux produced by the 
application of a known external field Let be the fluxmeter 
deflection corresponding to the reveisal of the direction of 
rotation of the rotor at a frequency n, and Ojf. that corre- 
sponding to the reversal of a known field Then assuming 
magnetisation to be proportional to field, oc 2nnp and 
djpQC,??’, whence ff 

^ 27171 ffjf 

The complete neutralisation of the earth’s magnetic field 
was necessary to avoid direct magnetisation of the rods and 

• J Barnobt, Reviews of Modem Phyaics 7, ne, 1935, Rhys Rev 6, 230, 
1915, Froc Arner Acad Arts and Sci 75, 109, 1944 
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also to avoid the production of eddy currents The direction of 
rotation of the rotor could be reversed m order to eliminate 
disturbing effects from change of dimensions due to stresses 
set up by rotation and by temperature variations The rotor 
was driven from one end, and, to counteract torsional dis- 
turbance of the magnetisation it could be reversed in its 
bearings Spurious changes of induction due to variations 
of the earth's field were automatically ebmmated by con- 
nectmg the induction coils m senes opposition 


C O 


7 


71 a I 


k iV n'=i -1 



ly+i I 

ON — »r 

Fill 62 MeRsuroraent of mugnctisation proilurcd by rotution (Bamatt ) 

The second experimental arrangement used by Barnett* 
was much more sensitive, and possessed the advantage that 
large rods were not needed, a point of some Jinjiortance when 
cobalt was used, but it was subject to much greater dis- 
turbances from fluctuations of the earth’s field 

The necessary details are shown in Fig G2 A light vertical 
rod of alumimum carried t« o groups of very small horizontal 
magnels NS, foiiiiing an accurately adjusted astatic system 
A damjjing vane D and mirror M were attached and the whole 
suspended from a torsion head, T, by a delicate quartz fibre 

* S r Burnett Fhyi Kct 10, 7, 1917 17, 4U4 1921 20, 90, 1022 and more 
particularK Proc Am^r Acad Arts and 60, 192') 
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inside a draught-proof case, containing a little uranium salt 
to get nd of electrostatic disturbances Two small control 
magnets tis and n's' respectively produced fields parallel and 
perpendicular to the upper magnet of the astatic system and 
permitted the zero to be controlled 

The rotor R was mounted with its axis perpendicular to the 
magnetic meridian and usually below the lower set of magnets, 
while the compensator C was mounted parallel to the rotor and 
about the same distance above the upper set, but, for con- 
vemence, displaced a httle north or south The earth’s field 
was neutrahsed as before The magnetisation acquired by 
rotation was compared with that acquired when the rotor was 
magnetised by a standard solenoid placed over it 

The experimental accuracy was limited by the minute 
intensity of magnetisation which is acquired at freijucncies of 
revolution which are mechamcally possible, e g for a fre- 
quency of 100 revolutions per second the equivalent field is 
1 0“* oersted The latest mean values of p obt ained by T amctt*, 
employing the first method, are given in the following table 


TABLE IX MAGNETISATION BY ROTATION 


Material 

Armco iron j 

1 Steel 1 

Nickel 

Cobalt 

p X e/m 

1 038 1 

1 043 

1 042 

1 1 071 


Experiments on Rotation by Magnetisation The experi- 
mental measurements of the rotation which accompanies 
magnetisation of ferromagnetics fall into three groups First, 
there is a direct method in which the mechanical impulse 
accompanying a sudden change of the magnetisation of a 
vertical cylinder causes it to turn against the torque oi a 
dehoate fibre by which it is suspended Secondly, there is 
a resonance method m which the angle of twist is greatly 
increased by repeating the impulse at intervals of time equal 
to the period of the suspended cylinder Finally, there is a 
null method in which the amplitude of the resonance oscilla- 
tions produced by the timed impulses is reduced to zero by 
* S J Sometij Proc Atmt Acad Arts and Set 76, 109, 1944 
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applying an opposing set of timed impulses of known magm- 
tude 

The, Direct Method Measurements of the gyiomagnetic 
ratio by the direct method will now be described, they are 
important in that they show diiectly that electrons are 



Fig 63 Apparatus for djicct dt tennination of thp gyromagnttic 
ratio (Cliatto* k and BatoH ) 


responsible for ferromagnetism and they avoid certain sources 
of error which are sometimes thought to influence the deter- 
minations by other methods The arrangements used by Chat- 
took and Bates,* which are shown m Pig 63a, incorporated 


A P Chattock and L F Batai, Boy Soc Phil Trans A, 223, 257, 1U23 
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many features first used by Stewart * The specimen of ferro- 
magnetic material S was a thin cylinder of wire about 10 cm 
long and about 0 35 mm in diameter suspended by a fine 
quartz fibre from the torsion head K, the details of the sus- 
pension being shown in Fig 636 K turned in a brass tube 
which was mounted coaxially inside the vertical solenoid H 
wound on a brass tube whose axis could be made vertical by 
the lateral adjustment of seta of horiiontal brass screws, not 
shown, pressing against the projecting ends of the solenoid 
tube The brass rod N, mounted excentncally in K, was pro- 
vided merely for the easy transport of the suspended system 
when being removed for adjustment 

The magnetisation of the si»ecimen was audde^ily reversed 
by passing a current through H for a time short in comparison 
with the period of torsional oscillation of the system This was 
done by releasing a stop W, thus allowing the heavy bar qQ, 
pivoted at q, to fall and make electrical contact between 
platinum surfaces at P and Q A current then passed through 
the solenoid via the spring strip at 0 until the barpP, pivoted 
atp and supported by a spring, was depressed beyond a certain 
limit The time of contact was thus determined by the height 
from which qQ was allowed to fall and by the stiffness of the 
several springs In this process the magnetic moment M of 
the specimen was reversed or changed by an amount 2M, and 
an amount of angular momentum IbJ was delivered to the 
specimen The specimen therefore turned through an angle d 
until its kinetic energy was converted into potential energy of 
the twisted fibre, i e 

|/w2 = iC0\ 

whence U = /w = d-JiG = 0 -- 

2n 


and 


_ OTG 
P ~ 4^if’ 


(133) 


where C is the torsion constant of the fibre and T is the penod 
of torsional oscillation of the system It was therefore necessary 
to measure the quantities 0, T, C and M 


J Q. Stewart, Phyn Rev 11, 100, 1919 
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To obtain the deflection d the values dj and dj for the initial 
deflections to either side of zero following the passage of the 
solenoid current were measured by means of the telescope 
and scale <Sj , the hght reflected from the mirror attached to the 
specimen being brought to and from the latter by the two 
46 degree mirrors M^, actually, for convenience two small 
mirrors were cemented back to back on the specimen Now, 
the motion of the specimen was heavily damped, and the 
value of 6 to be maerted in equation (133) was obtained from 
the expression i „ 


-Mir 




In like manner the value of T was obtained from the observed 
time of oscillation Tj by means of the equation 


T=T^j{l + 


( logf^i/6 '2) 


2\l 


(134) 


The torsion constant C of the hbre was found by removing the 
system from the torsion head and suspending it upside down 
from the hook E A brass cylinder of calculated moment of 
inertia was then attached to the hook A of Fig 63 b and the 
constant C calculated from the period of oscillation of the 
disc This avoids distorting the specimen 

The magnetic moment M was measured by means of a small 
magnetometer which was really a small Helmholtz galvano- 
meter with coils UV and a small control magnet at V The 
magnetometer was placed in turn on special supports in the four 
positions A, B, C and D, so that its needle system lay upon 
one of the two dotted hues shown passing through the centre 
of the specimen at 45 degrees to the vertical, m these positions 
the horizontal couple on the needle due to the specimen is 
a maximum The mean deflection S thus produced was sub- 
stituted in the following equation 


Md _ M 


= Atand, 


(135) 


where d is the distance between the centre of the specimen and 
that of the needle and 2! is the magnetic length of the specimen 
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On passing a known current % through the coils UU, whose 
constant P was accurately found in a subsidiary experiment, 
a deflection 0 was obtained, given by 

A = A;tanfi (136) 

The value of M was then found from equations (IS")) and (136) 
The necessary experiments were however much affected by 
fluctuations of the earth’s magnetic field and could only be 
made at night when the local trams were stopjied 

The neutrahsation of the horizontal component of the 
earth’s field over the region occupied by the specimen was 
important, because the magnetic axis of the specimen was, in 
general, not strictly vertical, and the horizontal component 
of the earth’s field acting upon the horizontal component of the 
specimen’s magnetism could produce much larger rotations of 
the specimen than those due to the gyromagnetic effect A 
large rectangular coil was therefore mounted in a vertical 
plane perpendicular to the meridian and with its centre 
coincident with that of the specimen It earned the enmpensa 
tion current and fine adjustments were made by slight dis- 
tortion of the sides of the coil 

The eS'ecta of any uncompensated portion of the horizontal 
component of the earth’s field were greatly reduced by 
mounting the specimen so that it possessed no appreciable 
horizontal magnetic moment For this purpose a little paraffin 
wax on the joint D of Fig 636 was melted and the joint mani- 
pulated until the horizontal magnetic moment was very small, 
a special apparatus termed a “ gallows ” being used to facilitate 
the process The presence of horizontal magnetic moment and 
the lack of compensation of the horizontal component of the 
earth’s field was manifested by a change of zero after reversal 
of magnetisation By artificial adjustments of the com- 
pensating field a aeries of values of dy could be obtained for 
different changes of zero, and, hence, the value corresponding 
to no change of zero could be found by extrapolation 

In general, the field of the magnetising solenoid was not 
strictly vertical, so that it possessed a horizontal component 
which acted upon the horizontal magnetic moment of the 
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specimen Any impulses so produced were, however, always 
in the same direction, as long as the magnetisation was 
reversed with reversal of the solenoid current, and could 
therefore be ehminated by taking the mean value of 6-^ for 
equal and opposite changes in magnetisation The effects of 
permanent magnetisation of the specimen always assisted or 
opposed the true gyromagnetic rotation, and they were 
ehminated by turning the torsion head A through 180 degrees, 
repeating the determination of 6^ and taking the mean of aU 
the values of 0^ Elimination of these effects was also earned 
out by noting the rotations which occurred when the magnet- 
ising current was switched on and off without reversal m 
direction These were added to or subtracted from the observed 
values of 6^ Permanent magnetism might have been present 
to some small extent in these experiments as it was not con- 
sidered desirable or necessary to neutralise the vertical com- 
ponent of the earth’s field In all cases a hnear relation between 
angular momentum and change in magnetic moment was 
found 

The final values for p are shown in the following table 


TABLE X 


Material 

Soft iron 

Steel 

Nickel 

p X g/m 

1 014 

1 002 

1 010 


Simple Resonance Methods We now turn to resonance 
methods for measuring the gyromagnetic ratio A simple 
resonance method was first used by Einstein and de Haas* but 
they failed to obtain the correct experimental value of p 
Later, the method was successfully used by Beokl who 
suspended a ferromagnetic rod by a single or a double German 
silver wire suspension inside a vertical solenoid The latter 
was sujiplied with alternating current whose frequency f 
could be varied over narrow limits about v„, the natural 
frequency of torsional oscillation of the suspended system 

• A and W dt tiaaa, I er der d Phya Qts 17, 152, 1915 

■f G Beck, Ann drr Phys 60, 109, 1919 
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Let the field in the solenoid at any instant be proportional to 
cos 2Tivt, when the magnetic moment of the specimen is given 
by M cos 2Trvt, where M is the maximum value of the magnetic 
moment of the specimen produced by the maximum current 
in the solenoid Then the rate at which angular momentum is 
delivered to the system owing to the gyromagnetic elfect is 
— p{2nMv&m 27TVt) Hence the equation of motion of the system 

,d0 

I TT + CO = —p{2nMv]sin 2nvt, (ISI) 


where I is the moment of inertia of the system , k the damping 
factoi and C the torsion constant of the suspension 

This equation is of standard form and the solution for a 
steady state is 


u = 




Va.* + (ItivI — CjlTii'Y 


where 


cot^ = 


27 tvI — G/2nv 

k 


If k 13 small and resonance is established, then v = Pqi 
2nvl — CI2ttv = 0,0 = 77-/2, 0 is in phase with the field, and 
the amphtude is ,, 

(1»9) 


Now, k IS the damping factor and is equal to ‘klAv^, where A is 
the logaiithinic decrement Hence 

p = 4:IM'„0JM (14o) 

Beck made many measurements in which I, A, Vg, M and 
were separately determined and found p by substituting 
in equation (140) 

It 13 possible to av oid direct measurement of Pg by measuring 
the amplitudes corresponding to a series of values of v in the 
region of Vg, provided that k is strictly constant For, let 
60j^ be the amplitude at frequency p, then 

hi 

2nvgl = Cj27rVg, 
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and, remembering that v ~ i(v + Po), we find that 

47r(F-i’o)/ l~^ 

^ ~ M V 1-1 


and 




(142) 


The frequency difference (f— Fq) must, however, be accurately 
found, and Beck used a special frequency meter for the purpose 
The motion of the siiecimen was recorded photographically 
on a moving drum, and the damping factor obtained from the 
measured record As the light passed to and from a mirror on 
the specimen through a gap in the solenoid, disturbances due 
to non-umformity of field must have been introduced Beck 
showed conclusively that the resonance oscillations were in 
phase with the solenoid current, except for a slight phase 
difference due to hysteresis, i e the magnetic effects were due 
to the rotation of negative electricity The values of p e/m 
thus obtained weie 1 06 and 1 14 + 5 per cent foriron and nickel 
resume tivcly The errors to which such measurements are 
liable will be discussed in the following section 

A resonance method in which the substances used were in 
powder form and were packed inside thin glass tubes was also 
used by Ray-Cliaudhuri 


Modified Bescnuince Methods The principle of the modified 
resonance methods may be followed by reference to Fig 64, 
which shows the arrangement used by Sucksmith and Bates f 
A thin ferromagnetic rod L was suspended vertically by a 
German silver wire S from the torsion head T, along the axis 
of the vertical magnetising solenoid H The latter was wound 
on an insulating tube and siipphed with current from an a c 
generator at frequencies between 24 and 80 cycles per second 
maintained with the aid of a stroboscope A rigid alumimum 
wire D was attached to the lower end of the rod and carried 
the small mirrois M and a number of short magnetised needles 
N mounted parallel to one another on a mica vane The needles 

• D 1> Rii\ fbaudhun Ind Jmn Phys 9, 1B3 1931 
t IV Suukamitli uuJ L F Bates. Roy Soc Proc A, 104, 49B, 1923 
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were situated midway between a pair of small Helmholtz coda 

BB. A hehx J, coaxial with L, was fixed inside H, it was 
wound upon a glass tube, and, occasionally, directly upon L 
A similar helix, not shown, was 
placed close to and parallel to J 
and was connected to it in senes 
opposition so that the mutual 
inductance of H and the two 
hehcea m the absence of L was 
zero The coils BB were con- 
nected in senes with a non- 
mductive resistance S, a com- 
mutator C and the induction 
hehces By means of the switch 
K a known current measured by 
the milhammeter A could be 
passed through BB The whole 
system was kept taut by a weight 

W, immersed in oil, attached to 

the alumimum wire by a fine silk 

thread which was practically 

without effect on the torsion 

control of the system The whole Fig 64 Nullmrthod ofmeasurcment 

was mounted inside a coil system •’f *1''’ gyromagnotioratio (Suckamith 
•' and Bates ) 

for the neutralisation of the hon 
zontal component of the earth's field 

Let us suppose that alternating current of appropnate 
frequency sets the specimen mto resonance gyromagnetic 
oscillation Since both the gyromagnetic effect and the 
current induced in J by the changes in magnetisation are 
directly proportional to the rate of change of the magnetisation , 
they will be m the same phase, provided the inductance of the 
circuit contaimng J is negligible The induced current m J 
flows through the coils BB and by adjusting the resistance it 
may be arranged that the momentum dehvered to the system 
by the action of the current on the magnet needles N is equal 
and opposite to that arising from the gyromagnetic effect, in 
other words, the resonance oscillation can be reduced to zero 
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Let Nj^ be the number of lines of force due to the specimen’s 
magnetiam linked with the solenoid J when the magnetir 
moment changes by M, then 

JVy, = 47r(Mll)nl = inMn, (143) 

where n is the number of turns per cm on J, which la of the 
same length I as the s))ecimeii Let f be the couple acting on 
the magnets N when umt current flows in the coil then 
the angular momentum dehvered to the magnets corre- 
sponding to tile change M is 

where S' la the total resistance in the induction circuit Henoe, 
if the value of S' when the resonance oscillations are reduced 
to zero IS SI,, tiven the total angular momentum corresponding 

to J/ la guen bv i' 

(144) 

r may be obtained by passing a steady current ig through 
BB via the switch K to jirodiuc a small deflection 0 given by 

A = C0, (145) 

w here C is the toi sum constant of the suspension Eliminating 
/’iiiidiV,, we have 

UjM = p = innC<j)IS'gi (146) 

1 he ratio can tliercfoie be found fioni a knowledge of C, 0, 
Sg and j, all of winch can be measured with precision 

The great advantage of the null-icsonance method hes m 
the fact th.it the final expression foi p does not contain the 
trcquciic'v of the alternating current, and, consequently, does 
not require its detcnnuiation or its accurate maintenance 
Measurements of the ainjilitudc of resonance oscillations are 
not required, and if cxait resonance is nut attained the 
meaHurenient.s siifler only through decrease in sensitivity and 
not thiough the uitroduetinn of error Other advantag es are 
that the m agnctic moment and moment of inertia of the system 
need not he found 
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Errors m Resonance Measurements We shall not discuss in 
detail the various sources of error which occur in resonance 
measurements, many have already been discussed in the 
description of the direct method It is very important to make 
the magnetic axis of the specimen exactly vertical If, how ever, 
this IS not done and the specimen possesses a permanent hori- 
zontal magnetic moment as well as one which changes with 
the current, it can easily be shown that the earth’s horizontal 
field and that of the magnetising solenoid give rise to couples 
in quadrature with the gyromagnetic effect, and thereby cause 
a spurious increase in the resonance amplitude The elfects 
are eliminated by adjusting the compensating current for the 
earth’s field until minimum resonance amplitude is observed 
The field of the magnetising solenoid also gives rise to a couple 
in phase with the gyromagnetic elfect which is eliminated by 
turning the torsion head through 180 degrees and repeating 
the measurement of S'^ If a steady displacement of zero is 
observed it means that the magnetic axis is by no means 
vertical and must be adjusted 

The effects of stray fields on the needles N and on BB can 
readily be compensated Correction should be made for 
leakage from the induction helix, Barnett avoided it either by 
winding the magnetising solenoid directly upon the specimen 
and surrounding the whole by an induction helix or by placing 
the magnetising solenoid coaxially within a long induction 
helix Barnett considers that magnetostriction effects give 
rise to vertical motions of the specimen which through 
asymmetry are m part transformed into axial rotations If 
the vertical comjionent of the earth’s field is not compensated 
the magnetostriction effects are bound to be asymmetrical 
As the phase relation of these disturbances with respect to the 
gjrromagnetic ratio is unknown, they ought to disappear from 
the mean of a series of results over a wide range of frequencies , 
m any case, they could not arise in the direct method, and the 
results from direct and resonance methods agree 

Controlled Resonance Methods In the preceding discussion 
of resonance methods the gyromagnetic couple has been 


219 



OYBOMAQN£TIC EFFECTS 


denoted by an expresaion of the form GcoB((jt — a), so that 
the various disturbances m quadrature might be written equal 
to X Bin {iijt — cl) The resultant couple would be of the form 
Jl COB (wt — a — y), le the oscdlations are given a phase dis- 
placement y with respect to the gyromagnetic effect If the 
damping is very small the amphtude of the oscillations is given 
by an equation 0 = sin (oit — CL — y), with a phase difference y 
w ith resjiect to the magnetism of the specimen, disappearmg 
when the disturbances vanish Coeterier and Scherrer* there- 
fore concluded that if by artificial means y could be made zero, 
then the presence of the quadrature disturbances would be 
immatenal, because they would be unable to affect the motion 
of the specimen They saw that this could be done by using 
a "flat-topped” alternating current reversed exactly at the 
moment when the specimen was passing through its equili- 
brium position 

The specimen was suspended by a quartz fibre and earned a 
mirror which reflected a narrow beam of light upon a horizontal 
scale 111 which was cut a narrow sht coinciding with the 
equihbnum position of the reflected beam Light passing 
through the slit fell upon a photoelectric cell and activated a 
system of relays which reversed the current suiiphed to the 
magnetising solenoid from a battery of accumulators The 
inertia of the oscillating system wa= small and its period was 
about 5 sec , while the reversal of the current took place in 
about 6 X 10“* sec 

This arrangement allowed much sharper resonance oscilla- 
tions to be used than were possible in other work It would 
seem, however, that the artificial elimination of y results 
only in a first-order reduction of the effects of the quadrature 
disturbances, for the effect of the small phase difference a 
IS not considered 

The method was mainly designed for measurements with 
pyrrhotite and, to some extent, results with iron powder 
obtained in the couise of the work were not regarded as 
important, the value for/) e/mwaslOl The iron or pyrrhotite 

• F roetencr and V bcherrer, Helv Phys Acta, 6, 217, 1932, F Coeterier, 
iW 6, 463. 1933 
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powder was packed in a fine glass tube and suspended by a 
quartz fibre inside a highly evacuated vessel to keep damping 
and radiometric effects low Many of the experimental 
details are similar to those used earlier by Sucksmith with 
paramagnetics and described on p 223 The mean value of 
p ejm obtained with pyrrhotite was 3 17, giving g = 0 63 
Inglis* has shown on the basis of a simple model m which the 
orbital momenta of the 3d electrons responsible for ferro- 
magnetism are orientated antiparallol to their spins, so that 
each M, is — J and each Mi is 2, that 

g = {iM, + Mi)l(M, + M,) = I = 0 07 
In view of the peculiar magnetic behaviour of pyrrhotite, 
discussed on p 162, the agreement between experiment and 
theory is very close, and better could not be expected with 
powdered material See Note 8 

Spin and Orbital Effects In the following table are col- 
lected the mean values of the gyromagnetic ratio for iron or 
substances containing iron as obtained by several workers 


TABLE XI COLLECTED VALUES OF p ejm FOR IRON 


Au there 

Ratio 

Substance 

Metlind 

Chattock and Hates 

1 00±I% 

Iron 

Direct rotation by mag 
notisation 

Sucksmith and Bates 

I(K)±1% 

Iron 

Modified rtsonanco 

Coetener 

1 00±(1%7) 

Iron 

Controlled resonance 

Uay-Chaudhuri 

1 00±1% 

Iron oxides 

lirsonancB 

Barnett 

1 038±1% 

Iron 

Mftffnetisalion by roLa- 
Lion 

Barnett 

1 032 ±0 3% 

Iron 

Modified resonance 

Coetener 

3 17±1 3% 

Pyrrhotite 

('onti oiled resonance 


From a theoretical point of view it would be expected that 
the ratio would be greater than 1 , i e the value of g would he 
between 2 and I, if ferromagnetism were not entirely due to 
electron spin, but partly to spin and partly to orbital motion 
The above data leave little doubt upon this point, but to 
obtain further information Sucksnuthf measured the ratio for 

• D E Inglis, Phys Rev 45, 118, 1934 
t W Suckamith Helv Phya Ada, B, 205, 1935 
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a senes of mckel-copper alloys with low Cune points at 
temperatures above the latter, using the method descnbed in 
the following section Owing to iron impunties the effects of 
permanent magnetism in the specimens were considerable 
and difficult to ehminate, and experiments had to be confined 
to specimens with suaceptibihties less than 180 x 10““, so that 
the gyromagnetic effect was always quite small The value of 
g was found to be 1 9 + 0 1 , or 2 within the hmits of experimental 
error We may thus safely conclude that even above the Curie 
point the magnetic projierties of these alloys are due to spin 
and not to orbital motion 

Values of the ratio for other ferromagnetics are given m the 
followmg table 


TABLE XU COLLECTED VALUEh OF p e/m FOR FERRO 
MAGNETICS OTHER THAN IRON 


MaU ruil 

Kaliii 

AuthoFH 

Method 

Nicknl 

1 (»)_• i0 0()4 

Siukamith and Bates 

Mndihed rt^sonance 


1 (146 1 0 004 

Barnett 


Heufiler alloy 

1 (X)2 i 0 000 

buckfioiith and Bates 


Cobalt 

1 030 t0(K,4 

•Su( ksmith 



1 (m 

Bamott 


Magnetite 

0‘IOUiOtMft 

Suckemith 


PyrrhotjLe 

4 17 

Coetorior 

Controlled resonance 


Discrepancy exists between the results of Barnett and the 
English workers In jiarticular the values for cobalt invite 
comment Sucksraith found no special difficulty in the deter- 
mination of p for cobalt although, as ho used powder, the 
accuracy was not as high as usual whereas Barnett en- 
countered difficulties with torques believed to be of magneto- 
stnctive origin The difference of some 6 per cent between the 
iron and cobalt values is well outside the limits of experimental 
error The high value for cobalt would mean that the orbital 
electron moment is not completely quenched There is evidence 
of this with cobalt salts, of course, but it would seem strange 
that orbital motion should jilay such a prominent part m the 
metal 

Sucksmith’s Eiperimfjits with Paramagnetics The dis- 
cussion of gyromagnetic experiments with ferromagnetic 
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substances has shown that even in the most favourable circum- 
stances the angular momentum to ho measured is very small 
The difficulties of measurement are enormously increased 
when paramagnetic substances are used, but Suoksinith* 
managed to make a senes of very interesting determinations 
with oxides of the rare earths using the simple resonance 
method with special technique His apparatus is shown in 
Fig 656 The matenal under mvestigation was tightly packed 
in a very thm-walled glass tube, CD in Fig 65 a, about 0 5 to 


,£ 

C 

(“) 



Fig 66 Apparatus for gyroroapnelir mnasiirpuionts with 
paramagnctirs (hue kainith ) 


0 6 mm in internal diameter and about 8 cm long, and 
plugged in position with a spiculo of non-magnetic shellac 
A small plane mirror was cemented at D and loops of glass 
fibre were used to attach the tube to a quartz fibre suspension, 
great care being taken to obtain as low a value of the moment 
of inertia as possible 

This system was mounted from the ground-glass joint G 
inside an evacuated glass vessel, and its motion w as followed 
by light which passed to and from D via the lens L and mirror 
L' The solenoid S was supplied with square wave current of 

• W &uckamUh, Roy Soc Proc A. 128, 276. 1930, A, 133, 179, 1031, A, 136, 
276, 1932 
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conatant frequency, producing a maximum magnetic field of 
about 600 oersteds, by means of a battery of accumulators and 
a special reversing switch The latter was controlled by an 
adjustlble clock pendulum P', which was synchrorased with 
the vibrations of the tube CD by projecting an image of P' on 
to the same scale as that which received the hght reflected 
from D The clock activated a senes of relays which finally 
caused a commutator to reverse the current in the solenoid 
On account of the heavy inductive load the commutator con- 
sisted of two deep channels of mercury and the wires on the 
rocker were cross-connected, the whole being immersed m 
parallin oil to prevent fouling of the mercury surface by spark- 
ing The resistances iJ, and regulated the time interval 
between “make” and “break”, which was the same nre- 
sjiectivc of the direction of the commutator 

In aildition to the jirecautions already described earher, it 
was necessary to avoid the effects of electrostatic charges 
produced on the walls ofthesiiecimen and the container during 
evacuation and retained on the specimen by the quartz fibre 
(Such charges w'ere exposed to the alternating electrostatic 
fields of the solenoid 'J’he suspended system was therefore 
screened by platinising the inner surface of the containing 
vessel andeartlung it through the platinum wirep in addition, 
screens of metal foil were placed on the former of the magnet- 
ising solenoid Again, it was imjierative to avoid mechanical 
disturbances by working at night, and metal supports were 
notusedoii account of the mechanical effects produced by eddy 
currents liy far the worse diflinilties were those caused by 
traces of ferromagnetic impurity, which endow’ed the specimen 
with a horizontal magnetic moment whose magnitude varied 
with the hjstciesis of the impurity This horizontal moment 
was acted upon bv any borizontnl field of the solenoid and 
gave a couple, 90 degrees out of phase wnth the gyromagnetic 
effect, whose magnitude could be enormous in comparison 
witli that of the latter Extreme care was therefore exercised 
in handling and jirepanng the specimen and in the selection of 
shellac and mirror, the latter being cut with agate Moreover, 
changes of temperature produced variations m the moment of 
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mertia of the Bpecimen, probably due to strains at the ahellao 
joints, after a steady state was reached, the temperature was 
kept constant to within 0 25° C 

The special technique employed by Sucksmith depended 
upon the mamtenance of the amplitude of the oscillatmg 
system with the correct phase, and a more complete mathe- 
matical discussion of the resonance method must now be 
given In the case of a paramagnetic substance of mass 
and mass susceptibihty x placed m a field 3^ the value of M it 
m^X'^ Now, 3^ IS produced by a battery current which is 
periodically reversed so quickly that the time taken to reverse 
it may be considered negligible The magnetismg cuiient is 
therefore equivalent to an alternating current of s piare w ave 
form The magnetising field may therefore be wiittcn 



cos 

f “ 


cos Sot cos 5(1)1 

3 _._ + _ _ 


from Fourier's theorem, taking the integration limits from 
-1-77/2 to +77, where dijn is equal to the number of times the 
field is reversed per second Hence, neglecting the terms of 
higher frequency, equation (TIT) of p 215 becomes 


I + 1: ;,-; + 

dr at 



ym„ - (i) sin hit 


(U7) 


Now, to the right-hand side of equation (117) must be added a 
term on account of disturbances in phase with Jf, let this term 
be D cos ait Then the equation may be rewritten 


, do 2m4ym„ 

I + k CO = D cos ait— 11 (ii sin ait, 

dt‘ dt e Tig 


d^O dO 

or as + 2K +p‘’d = b SOI (lit + d cos ait 

dt‘ dt 

= hBrnfaif + yl/ooBy, 


(148) 


where 


2K = lll, = 

e 7Tgl 

d = DjI and ta,ny = d/b 


rs 


BMBf 
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The solution of (14S) is 

^ + y — 5) + <ie“®Bin(w'< + e), , (149) 

2Awcosy 

where tantf = 2K(i)j{p^ — o)' = ^!p“ — K^ and a and e are 

Constanta The second term on the right-hand side represents 
the growth of the amphtude in the early stages of the motion, 
and, therefore, when the oscillations have been properly es- 
tablished t may be considered infinitely great and the term be 
disregarded Moreover, if perfect resonance is attained and no 
disturbing effects are present y = 0 and tan 5 = oo, so that 

. —b cos ( 1)1 , „ . , , T- 

n = — ■ - cos lilt and = — o/2Aw 

‘2K (i) 


If, when disturbing effects are present, it is anangod that the 
phase of the oscillation is the same as that w Inch would obtain 
at peifert resonance and D = 0, then 

sin (w<-l-y — (J) = sin(w< — n'/2), or S = n/2 + y, 

whence 


6 = 


tiain(n’/2-|-y) 

2Aw(osy 



b 

coswf, 

2A (0 


(150) 


which IS the relation used in the simple resonance method In 
other words, the tiuc iiinfilitudc for jierfect lesonance may be 
measured even when disturbing effects are present if the 
oscillation is maintained in )ihase with the first harmonic of 
the magnetising c iirrent The double ainjilitude 20j,j and g are 
given by the relations 


20, 


26 

2A^ 


and 


•2m 2y»n„T If;, 
e TjAIOf, ’ 


since K = 2\IT, where A is the logarithmic decrement and T 
the period We have alread v discussed how the phase difference 
y w 08 avoided m Coetei lei 's measurements, and w e shall now 
describe Sucksmith s ariangcments for getting rid of y and S 
The phases of the several effects treated above are shoivn m 
Fig 66a, wherein addition isshowm the phase of the oscillations 
of a bifilor galvanometer connected to the secondary of a small 
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anchor nng transformer whose primary was in senes with the 
magnetismg solenoid With a penod equal to about 2 sec the 
gyromagnetic amphtude lagged some 16 degrees behind the 
magnetising current The galvanometer mirror projected 
hght on to the same scale as that used by the vibrating system 
and the pendulum controlling the magnetising current 



Magnetifiing current cos with 
fundamental 4/7r ooa bit 

Oacillatinn of galvanometer 


GyromagnetiL effect = b am /oi, d=aO 


Difiturbing effects = d cos u)t 
Sum of g>rnmagnLtjD hjuI disturbing 
b 

effects = - Rintw^ + 'v) 
cos y ' 


Amplitude 

6 9in , . 

sm oit + y — d 

liviocoay * 


whore y — 



Fig 00 Phase diagram (Sucksmith ) 


Assuming that the time of response of the various relays is 
exceedingly small, then the pendulum is exactly in phase with 
the gyromagnetic amjtlitude, but if disturbing effects iii 
quadrature are present then they will produce a marked phase 
change before a change in amplitude becomes perceptible 
Thus, in Fig 666, GM and D respectively repiesent the gyro- 
magnetic and disturbing effects, and it is clear that while 
their resultant It may not be appreciably diffeient from OM, 
the angle 0 may be considerable The galvanometer was used 
to provide the correct phase, the compensating current for the 
horizontal component of the earth’s field being adjusted until 
the phase of the specimen’s oscillation was the same as that of 
the galvanometer The value 20^^ was then measured Even 
when Bhght permanent magnetism due to impurity was 
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present, its effects could be eliminated by using an mcorrect 
value of the compensating current, which then introduced an 
effect equal and opposite to the effects of permanent magnet- 
ism This was not possible when the accidental ferromagnetism 
of the specimen was large, and, therefore, variable, during the 
course of an experiment 

In the case of a tube containing dysprosium oxide DyjOj 
the value of was between 2 and 4 mm on a scale 60 cm 
distant In the exjjression for g the values of T and A were 
found directly, and x was determined in separate susceptibility 
measureinents 1 was found by tlie method of added inertia, 
rings cut from copper foil being used for the purpose The limits 
of experimental error varied fiorn 3 to 10 pel cent 

In the last column of the following table aie given some 
of the values of g obtained by Sucksmith, together with values 
of the splitting factor ni thefouithcolumn, thelatter are calcu- 
lated on the assumption that the state of the ion responsible 
for the paramagnetism is that given in the third column 
The agreement between experiment and theory, in view of the 
great experimental diftu ulties, is extremely satisfactory 


TAHLE XIII g \ Al I’h.s FUOM Gt KOMAGNETIC 
1- \rl HIM I' Nl.s- .sl.tKsMlTH 
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nv estigiitrd 
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( K’lj 

MnhUi 

(V- 

Mn »- 


0 40 

1 no 

I 18 

— 

1 95 

Miil'Oj 

■s 

‘J (K) 


J 00 

— 

1 9H 

Fe^O* 


‘Ih 

1 50 

J(RI 

1 (.7 



1 89 

CoSO, 

Co(’l, 

Co+'^ 


1 U 

2 IK) 

1 67 

— 

1 54 

Ran larth 








hid,(\ 


Ml 

0 73 

— 


0 76 

0 78 

Ku.O, 


■F. 

— 

— 


6 76 

>45 

Gd.O, 


>s 

* <»0 

— 

— 

200 

2 12 

Dv.O. 


Mil 

1 a 


— 

1 33 

1 36 


Under the theoretical values of g m section (1 ) are given the 
values calculated from the Lande splitting factor, while those 
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under (2) are calculated on the view that the orbital momenta 
are completely quenched, when g must have the value for 
electron spin alone The values under (3) are calculated on the 
assumption that the multiplet intervals are small, i e that L 
and S are independently quantised, when, as shown on p 41, 
Peti = V4/S(;S +T) + L{L 1) Now, the experimental value of 
the magnetic moment per particle in unit field expressed in 

N 

terms of the Bohr magneton is ^-^(4 jS( 5+ 1) +i/(iy+ 
while the corresponding value of the angular momentum is 
l) + //(i/+ l)j so that 

^ 4S{S+l) + L{Lj^ 

^ 2*S(i$ + 1 ) + Z/(Z^ + I ) 

The experimental values for ions of the iron group suggest that 
the orbital moments are entirely quenched m the case of &++■* 
and Mn++, but are only partly effected by the crystalline field 
in the case of Fe++ and C'o+‘' In the rare earth group the 
agreement with the Lande values under (1) is fairly satis- 
factory, but better agreement is given v ith the values under 
(4) from the more rigorous calculations of Van Vleck,* par- 
ticularly in the case of Eu+++ The mam point is that there is 
a contribution to the magnetic moment provided by the 
temperature-constant paramagnetism described on p 43, 
which IB very important in the case of Eu •■++ and Sm+++, but 
there is no contribution to the measured angular momentum, 
hence the high value of g Mee Note 9 

Experiments with Rotating Magnetic Fields We have seen 
on p 205 that when a bar of ferromagnetic material is placed 
m a transverse magnetic field which rotates about the axis of 
the bar, then the latter should show evidence of longitudinal 
magnetisation This should be in the direction in which a left- 
handed screw would progress when rotated in the same sense 
as the transverse field assuming that the motion of negative 
electricity is responsible for the magnetic changes A priori it 


• J H Van Vleck, EUctric and \faqnet\c Su^atplibihiiea, p 1032 

229 



GYBOMAaNETIC EFFECTS 

■would be expected that such longitudinal magnetisation would 
be easily detected, for, assuming that the transverse field 
causes each elementary magnetic particle in the bar to process 
with angular velocity D, then magnetisation equal to that 

acquired on the application of an external field 

should result in the case of orhital motion of the electrons 
Accordingly, when the susceptihility of the magnetic material 
IS k, the average value of the longitudinal magnetisation should 

be — or, moie generally, when spin and orbital 

motions of the electrons are involved So, by the use of modern 
high frequency technuiue and modern materials for which k 
IS large, the magnetisation would be expected to reach high 
values Unfortunately, the estimate ]uat made is based on the 
assumption of perfeotl}' free rotation of the magnetic carriers 

3 I 

and must be reduced* by a factor of at least - ^ , where I, is the 
transverse magnetisation of the bar, and I ^ is the saturation 


value, 7, IS very nearly equal to ['- — ^ I , or to , where 3^, 

+ 1 / Zn ZTT 

IS the strength of the applied transverse field Hence, even 
under most favourable circumstances, the observed longi- 
tudinal magnetisation should not exceed ^ — Dk - -^1— . which 

9 e 2 2 ttI„ 

IS at most only a few per cent of the first estimate 

It was found by Fisher, f who was the first to carry out such 
experiments, and confirmed by Barnett, J that the longitudinal 
magnetisation was extremely small and often in the opposite 
direction to that predicted by the theory Fisher used bars 
consisting of powdered iron or powdered magnetite pressed 
into gloss tubes while Barnett used bars built up from small 
discs of comjiressed permalloj' dust oi iron dust, to avoid the 
disturbing effects of eddy currents at the high frequencies 
employed 

• See S J Barnett, Proc Amer Acad Arts and Sa 68, 230, 1933 
f J W Fifiher, PAyj iS^or Proc 34, 177, 19J2, iioy Soc Proc A,109, 7, 1925 
i S J Barnett, Proc Amer Acad Arts an^ Sci 68, 229, 1933 
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The general experimental arrangements are as follows A 
sensitive magnetometer, jireferably of an astatic type with 
upper and lower needle systems at A and B, is encased m a 
series of concentric copper tubes to protect the needles from 
the action of high-frequency magnetic fields, while to avoid 
thermal effects the whole system is encased in felt Two 
similar magnetic bars X and F are mounted respectively east 
and west, with their centres equidistant from the lower needle 
system, and their axes horizontal and perpendicular to the 
meridian Test coils are wound upon the bars, and flat 
magnetising coil systems L, and are used respectively to 
supply horizontal and vertical fields of equal intensity with a 
phase difference of 7r/2 at the near end of each bar and per- 
pendicular to its axis The change in the magnetometer 
deflection which occurs on reversing the direction of rotation 
of the resultant field is noted Coils are used for testing the 
sensitivity of the magnetometer and control magnets Errors 
due to permanent magnetism are eliminated by repeating the 
measurements with the b.iis interchanged and their directions 
reversed 

Fisher prodiited fields of the order of 100 oersteds lotating 
with frequencies of 2 to 5x10* cycles per second, using a 
valve oscillator, wliile Barnett used fields of about 16 oersteds 
at frequencies of 14 650 and 21 OOO cycles per second Barnett 
found a definite though small negative oifect for permalloy in 
these fields The negative lesults, however, do not in any way 
weaken the evidence for the view that the elementary magnetic 
particle is to be treated as a small gyrostat, for they can readily 
be explained, as Auweis* has shown on the basis of sugges- 
tions put forward by Bloch and Becker The Weiss theory of 
ferromagnetism, p 2 3S, treats a piece of ferromagnetic material 
as made up of a large number of tiny regions or domains which 
are individually magnetised almost to saturation but whose 
magnetisation vectors aie randomly orientated Application 
of an external field is supposed to cause lotaLion of these 
vectors, but the conception of the rotation of whole regions in 
the substance in weak fields is not supported by experiment, 

* O V AuN\tru, A’alurwts^sn 23, 202, 1935 
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for in very weak fields Barkhausen effects, p 333, are not 
observed In any case, Heaps* has found that magnetic 
hysteiesis and viscosity can be present even when no Bark- 
hausen effects are observed, which means that boundary 
changes can show time lags 

Bloch and Becker therefore suggested that changes in 
direction of the magnetisation vector can only take place at 
the boundary between two such domains, so that the domain 
whose vector is more or less in alignment with the applied held 
grows at the expense of its less well-aligned neighbour The 
directions of such changes will he determined by the strong 
internal hclds in the vicinity of the saturated domains, and 
need not dircctlj follow the rotation of the applied field The 
net contnhutiori to the longitudinal magnetisation under these 
circumstances is practically zero, in other words, the Fisher 
experiment cannot succeed with weak fields, and the absence of 
longitudinal magnetisation can reallv lie taken to lend support 
to the gyioblat piituiu, if tlie.sc views are correct 

uilli tSii/itrcovduihrs The modern concep- 
tion of a hujierconduilor reijuiri s that its permeabihtv in the 
snjicrconductnig state shall he zero, i e B = 0 When currents 
are iiuluoid in a supeicuiiilnctor hj a magnetic held, they 
must he Liinhued to its surface and be sufficient to prevent 
lines of induction from jiassmg through it Are these currents 
ordinal j election currents oi aie they m some way connected 
with election s])iii ' J K Kikoin and S V Goobarf, who 
used a iisonance method to incasuie the gyromagnetic ratio 
foi siipei conducting lead 111 magnetic fields bedow the threshold 
value at winch flic resistivity of lead assumes a measuiable 
value, found g = 1, wliuh means that electron spin is not 
involv ed Hence, we toiulude that the large diamagnetism of 
supercoiidiu’tors is due to electrons moving in orbits in the 
civstal lattice as if thev weie ‘ fiee" in the sense of having 
the oidiiiaiy values ot c and m 

• C VV H.ap,, Wv< «o 54 J()S lOJB 

t I K Kikoin anil fe \ (.iHobftr, ( ampl Jierul AcOd Sa USSR 19, 249, 
iDaa 
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CHAPTER VIII 


MAGNETIC SATURATION AND EQUATION 
OF STATE 


j Introduction to Theory of Ferromagnetism In descnbini' 
Langevin’a theory of the magnetic behaviour of a substance 
which could be treated as a paramagnetic gas, we saw that if 
each gm of the substance contains z elementary magnetic 
particles each of moment y, then, when the substance is 
exposed to a magnetic field ot intensity F each particle be- 
haves as if it possessed an average magnetic moment in 
given by 

“ = coth a — = L(a) ( O' 1 ) 

jj. a ' ' 


where 


a 

J~45''’945~ 
a = yFjlT 


4- 


Now, Weiss extended the theory to ferromagnetic substances 
by postulating the existence of an internal field, often termed 
the Weiss molecular field, vpzm, where r is a constant and /> is 

477 " 

the density of the substance, so that instead o{ + -^pzm 
we write 


F = + I'prm, 


(152) 


where is the applied or external field acting on the ferro- 
magnetic, after allowance has been made for demagnetisation 
effects 

From equations (151) and (152) it follows that 


in IT yr 

y vpzy^ vpzy 


(153) 


Now, two cases are of special interest Fust, we note that 
for high values of T equation (151) reduces to 


m a 
y 3’ 
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HO that, ehiumatmg a from (163) and (164), we hare 


m _ fiJUr 1 _ /iJt 1 

fi lvpz/i^\ 3fc T — d' 


(155) 


where the parameter 0 = vpzp^j^k is termed the Cunt point, 
or, more precisely, the paramagnetic Cunt point, to which 
further reference is made on p 256 



Since the molecular susceptibihty of the material is given by 
N mjJtf’, we have from (155) 

1 C 


in other words, the substance obeys a Cune-Weiss law at 
temperatures above 0 By measuring the susceptibility over a 
range of temperatures T >ff we may therefore determine C 
and 6, which enables us to compute the values of p and vp 
We may also consider this case graphically In Fig 67 
curve (a) represents the Langevm function and the straight 
line (fc) represents equation (163) when T is large It is clear 
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that the point of intersection of (a) and (6) changes its position 
considerably with the value of Jt’, and that when = 0, (o) 
and (6) intersect only at the origin where mj/i = 0, which 
shows that the substance is not magnetised in the absence of 
an applied field at high temperatures 

The second case arises when T is low, when, for example, 
(c) represents equation (153) The value of mjfi at the point 
of mtersection P now varies but little with the value of or, 
at any rate, with such values of Jif’ as we can produce m the 
laboratory, and a considerable degree of magnetisation is 
acquired which depends markedly upon the slope of (c), i e 
upon T The special case when = 0 is of the greatest interest, 
for, in this case the point of intersection P' sho'vs that even 
when the applied field is removed magnetisation of the sub- 
stance persists It may be thought a prion that, as there is now 
a point of intersection at 0 as well, the lattei represents the 
true state of affairs and the specimen is really unmagnetised 
It IS easy to show, however, that the point P' represents a 
stable condition whereas 0 does not For, if we imagine that 
the magnetisation is decreased to the value at x, then this 
corresponds to a field ajipropnate to the point Z on curve (o), 
but we have a held corresponding to the point Y available, 
and therefore the magnetisation must go on increasing until 
the point P' IS reached In like manner wc can see that if 
the magnetisation is supposed greater than that at P, it must 
decrease to the point P', bv a similar argument we can show 
that the point O rejiresents an unstable condition Of course, 
when the Ime OP' is tangential to cuive (a) P' coincides with 
O, which IS then the only stable point 

We see further that when jY = 0 equations (153) and (155) 
show that when T — vpz/Pj^k, (6) is tangential to (a) at the 
origin, so that we may say that ferromagnetism disappears at 
the ftTromagnehc Cum point, 0^ According to the present 
theory the ferromagnetic and paramagnetic Curie points 
coincide, we shall see on p 256 that in practice they do not 
It follows, then, that in the second case the substance is 
spontaneously magnetised even when 3^ = We denote the 
intrinsic specific magnetisation or the magnetic moment per gm 
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which the substance possesses m the state required by P' by 
cTq^ y, and the value of the specific magnetisation correspond- 
ing to P by (Tjf, y, while the saturation specific magnetisation 
at absolute zero, or the magnetic moment per gm which the 
substance would possess in an infinitely strong field at absolute 
zero, when all the magnetic particles would be completely 
ahgned, is denoted by o’^ ^ Equation (1151) may now be 
rewritten when = 0 as 


m zm cTq y 
/t Zfl <T^„ 


coth a — , 
a 


(157) 


and by a graphical method the relation between cr^ y and T 
can be found It is clear that the ratio i7„ y/cr„ o niust depend 
only upon the ratio Tjd, for the slope of the line UP' is, fiom 
(153), given by 




T 

30 ' 


(158) 


We can thus either choose suitable values for the slope of 
OP' and hence draw up a table of Tjd against the corre- 
sponding values of inlfi found by the intersection of the 
several lines with curve (a), or we can choose a particular value 
of a and by substitution in (157) we can hnd the corresponding 
value of nijp which together with the value of a can be sub- 
stituted in (15H) to obtain TjO Since the parameter a is thus 
eliminated the ratio cr„ y/tTa, „ is a function of TjO alone, and 
the relation between them should be the same for all ferro- 
magnetic substances, a statement which is sometimes termed 
the law of corresponding states The experimental values of 
(r„ y/cr„,ii and TjO are reproduced in Fig 78, where the 
curve (1) represents the relation deduced from the above 
theory The agreement between exjieriment and this theory is 
not good, particularly at low temperatures where T 0 
Now, the Langevm theorv assumes that the magnetic 
jiarticles may set w ith their axes m an infinite number of 
orientations with respect to the field, wherciis the quantum 
theory permits certain discrete positions only The right-hand 
Bide of equation (157) must therefore be replaced by an ap- 
propriate quantum expression, and when the total angular 
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momentum of the particle is J and the splitting factor g, it 
follows from p 42 that 

o'®, 0 — r / — ! 

where M = J , J —I, , — ( J - 1), — J, and F = vp(T^_ j,. 


2J+1 


coth 




(160) 


When n 1 we may expand the last expression, and 


iTnyi t/+l *f+l 2tf ^ + 2t/ + 1 

o'" iT°‘~ 37 3o72 “ ' 


(161) 


The slope of the tangent at the origin of the (rr,) f\a^ a) 
curve IS thus equal to (J + 1)/3J, whence we deduce that 
spontaneous magnetisation is possible only when T<d, 
where 


d = 





When Tpd we have 


Xu{T-0) = 


J + 1 (NJgpi^Y 


3J 


E 


For the special case J = \, g = 2, Jg = 1, or the case when 
the magnetic carriers can set parallel or antiparallel to the 
field, equation (ICO) reduces to 

T 

o'o r/u'». 0 = tanh (a) = ^ u, 


Since 




(162) 


The values of (Tg t/ct^ „ obtained from the intersection of 
u'o r/o"* 0 = *^anh (a) and (r„ □ = {,TjO)a when plotted 

against T/O give the line (3) ofFig 78 The agreement between 
experiment and theory is now much more satisfactory, 
although there are obvious discrepancies at low temperatures 
There are other discrepancies at high temperatures which are 
discussed on p 278 
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Three points require emphasis First, we have postulated 
that V, or more strictly the product vp, is a defimte constant 
which IS unchanged by rise m temperature, and we have put . 
forward *no experimental proof for this somewhat unhkely 
suggestion Secondly, the value of v is of the order of 10*, 
whereas the field which would act upon an isolated magnetic 
pole mside a small spherical cavity within a ferromagnetic 


4:7T 

magnetised to an intensity of magnetisation I laJf + — I 

O 


In 


other words, the molecular field is some thousands of times as 
great as the field which can arise from forces of purely magnetic 
origin It was therefore long ago concluded that the molecular 
field must be electrostatic m nature 

Thirdly, if a ferromagnetic is always spontaneously magnet- 
ised at room temperatures, why is it possible to demagnetise a 
piece of iron at these temperatures^ The answer is that the 
Weiss theory really assumes that a ferromagnetic body is 
made up of a very large number of elementary domains or 
regions which are strongly magnetised even in the absence of 
an apphed field Therefore, at any temperature below 770° C 
a piece of unmagnetised iron consists of such domains and fails 
to exhibit external magnetic effects, e g to influence a compass 
needle, merely because the magnetic vectors of the individual 
domains are so arranged or disorgamsed that the resultant 
moment of the spontaneous magnetisation vanishes At low 
temperatures the effect of an applied field on a ferromagnetic 
specimen is simply to align the moments of the domains, but 
at higher temperatures, where ir„ j, is considerably leas than 
o'„_ 0 , the effect of the field is two-fold It first produces an 
apparent increase in the hulk magnetisation of the specimen by 
reversal and turmng processes described on p 294 and then 
produces a real increase m the magnetisation of each domain 
The latter increase in magnetisation is stnctly reversible, and 
has nothing to do with the irreversible type of magnetisation 
associated with technical hysteresis phenomena observed m 
low fields The Weias theory provides a fairly reasonable 
explanation of technical hysteresis processes, but we shall not 
consider this aspect of the theory here 
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Heiaenberg’s Theory of Ferromagnetism The modem ex- 
planation of the large value of v was provided by Heisenberg, * 
who discovered what are known as the interchange interaction 
forces or exchange forces of electrons in atoms, which depend 
upon the alignment of the electron spins in the atoms of a 
ferromagnetic, although the forces between the spins them- 
selves are not responsible for v In the language of wave 
mechanics, the probability that an electron 1 in an atom a 
will exchange places with an electron 2 in an atom 6, or the 
exchange integral, is given by 

J Vdb 'a, '6i 'i*/ 

In this integral ( I ) is the charactenstic function of electron 1 
when it 13 in atom a, (2) the characteristic function of 
electron (2) m atom b, (1) that when electron 1 is in atom b 
and so on, is the distance apart of the electrons and r^^, r^^ 
the distance between the nucleus of atom a and electron 2 and 
between the nucleus of atom 6 and electron 1 In general, this 
integral is negative, since the attractions between the nuclei 
and the electrons (l/r„, + 1/r^,) is greater than the repulsion 
between the nuclei and between the electrons ( 1 /^ 0 !)+ lA ,) 
It IS, however, positive when there exists a certam ratio of the 
distance D between neighbourmg atoms m the metal crystal to 
the radius r of the energy shell in which the electron spins are 
uncompensated, a state of affairs found in the rare earths and 
in metals of the iron group Slaterf gives the following data 


Metal 

Fe ' 

Co 

1 

Ni 1 

Cr 

Mn 1 

Gd 

Ratio D/r 

J 20 

3 04 

3 94 ' 

2 00 

2 04 

3 1 


and concludes that for ferromagnetism to exist D/r must be 
greater than 1 6 but not much greater This raises the 
interesting point that atoms with uncompensated electron 
spins which do not in the pure state exhibit ferromagnetism, 
because the value for Djr is not smtable, may combme with 

* W Heisenberg, Ze\t /Ur Phya 49, 619, 192B 

t J C Slater, Phya Rsv 36, 57, 193U See also K F Mott, Magneliam, p 11, 
1936, Inflt FbjaioB 
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other non-ferromagnetic elements to form crystals whose 
lattice constant or distance between neighbourmg atoms 
permits a suitable value of D/r and thus give a ferromagnetic 
compound In this way it is supposed that we may account for 
the ferromagnetism of compounds containing Mn, such as the 
Heusler alloys (CuAlMn), and MnAs, compounds of Cr* with 
H and Te, and AgFj f For example, metallic manganese 
which exhibits a paramagnetism more or less independent of 
temperature has a lattice constant of 2 58 A, whereas TVlnAs 
and MnSb with 2 86 and 2 89 A respectively are ferromagnetic 
We thus gain the impression that ferromagnetism should be 
exlubited by far more substances than are known at present 
to show it 

Very simple derivations| have been given of the equation 
for (r„_ 2 'lcr^^ „ based on theHeisenberg theory For the exchange 
integral to be positive the spins must be directed parallel, and 
as the exchange forces fall off very rapidly with distance, ac- 
count need only be taken of the interaction between neigh- 
bouring atoms Let a particular atom be surrounded by Sj 
neighbours, eg H for a body-centred and 12 for a face-centred 
cubic crystal The spins will either be parallel or antiparaUel 
Let X be the number of parallel pairs formed with the electron 
of the central atom and y the number of antiparallel pairs 
Let 2E„ be the difference m the energy of interaction between 
two atoms when their spins are respectively parallel and anti- 
parallel Then, if we turn one atom from the parallel to the 
antiparallel position we increase the number of parallel pairs 
by (y — x) and increase the number of antiparallel pairs by 
(x — y), thereby expending an energy 

E = 2E„(x-y) . (163) 

Now the maximum moment due to the Zj electrons is 
and, if jif is the resultant magnetic moment of the system, 

/fr ^ x-y ^ cTq r 

Hjj Z, (7„ D 

• 1/ F Batea and A Baqi, Phys Soc Proc 48, 7B1, 1930 
•j" W Klemin, iVaturuitsstft. 4, '59, 1937 

i E C Stoner, Proc Leeds Phil 8oc 11 , 50, 1930, R M Bozorth, Bell Syat 
Tech Journ 19 , 26, 1940 
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when we treat the whole crystal and take the average values 
X and y for x and y 

Now, from Boltzman’a law, an atom will have the following 
probabilities Pp and P^ of being parallel and antiparallel, 
respectively, 

Pp = [1 + Pp = + e-W]-i 

But, as all atoms behave in the same way, then, S and 

y = ZjPp, 80 that 

<^0 tIo'^ 0 = Pp-Pa = tenh (EjtkT) . (164) 

Now, on p 237 we saw that the Weiss theory of the mole- 
cular field in conjunction with the Brillouin function for a 
paramagnetic gas gave equation (162) 


= tanb a = tanh 


Vfizin^B 

kT 


= tanh 


kT 


I'b 


( 165 ) 


Hence for agreement between (164) and (165) we must havL’ 


'kT kT 


or 

or 


(l-p) = 


('P)<^a,o = 


z,_^ J_ 
0 Tb 
21*0 




(166) 


The quantity (I'p) has been bracketed to emphasise that p is 
the density of the crystal at T and not at absolute zero The 
expression on the right-hand side of (166) represents the 
maximum value of the internal field 

We see, therefore, that in the case of a ferromagnetic we 
require to know the value of tr„ □ and d, and how the ratio 
(T„ i./fr„ 0 depends upon the value of TjB, whether agreement 
exists between the experimental results and the foregoing 
theories, and how far the law of corresponding states holds for 
the several ferromagnetics known to us In the following 
sections will be described the experiments which have given 
us this information, and we will first discuss the measurement 
of „ 

The Approach to Saturation In order to determine the 
quantity <t„ q, and hence the atomic magnetic moment of any 
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MAGNETIC SATURATION 

ferromagnetic substance, two sets of experiments are m 
general necessary First, the way in which the specific 
magnetisation cr^f, y in apphed field vanes with,?^', when T 
IS constant, must be found For high fields and low tempera- 
tures a relation of the form 

— j (167)* 

IS obeyed In equation (167),,??’ is the resultant of the applied 
external field and the demagnetising field of the specimen used 
m the investigation, a is termed the coefficient of magnetic 
hardness and is usually a function of the temperature, and 
(T„_ y IS the specific magnetisation at T° K which the specimen 
would acquire in an infinitely strong field We see, then, that 
at least two measurements with different fields at a known 
temperature T are required in order to find y 

Secondly, as we cannot make experiments at temperatures 
very close to absolute zero — perhaps it would be better to say, 
as such measurements have not yet been made — the quantity 
cr„_ 0 must be found by extrapolation Henee we need a senes 
of values of cr*_ y over a satisfactory range of temperatures as 
near to absolute zero as possible It is found that 

= ). (168) 

whence, for the particular case where a is not a function of the 
temperature, and, neglecting as usual terms of higher order 
than T^, we obtain 

r =o-«.o(1-^7’2) (169) 

When, however, this simplification is not possible, we must 
obtain a set of values of y for a series of different tempera- 
tures T and fixed values of c g •Sf’g, , and obtain by 
extrapolation a series of values of ® o’jr, „> . 

which, when plotted against 1 /,?? , give a grajih whose intercept 
at 1/J?' = 0 IS the required value of cr„ „ 

Now, on the basis of the Heisenberg exchange theory of 
ferromagnetism Bloch'l' derived the equation 

=«^».o{l-C(T)»} (170) 

* Cf W Steinhftua, A Kussmann and E Schoen, Zeit 38, 777, 1937 
■f F Bloch, Zevt fur Phya 61, 206, 1930 
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It 18 clear that equation (170) is much more comprehensive 
than the others, and it la interesting that it is found particularly 
useful at low temperatures 

Accurate determinations of (r„ y for iron and mckel were 
first carried out by Weiss and Forrer,* and have recently 
been extended to lower temperatures by Fallotf in his work 
on the mean atomic moment of the iron atom in iron alloys 
Cobalt was investigated by Allen and Constant t In aU cases 
an ellipsoid of the material under investigation was suddenly 
removed from an induction solenoid mounted between the 
pole pieces of an electromagnet, and the deflection of a baUistic 
galvanometer to which the solenoid was connected provided a 
measure of the intensity of magnetisation of the specimen 

Experiments of Weiss and Forrer The arrangements used 
by Weiss and Forrer are shown in Pig 68, where the specimen 
S IS immersed in pentane F inside a copper vessel V, mounted 
inside a U -shaped Dewar flask The arm of the flask outside the 
field was used to introduce liquid air to cool the copper vessel 
and its contents A thernioj unction T was placed close to the 
specimen The latter was fixed in an ivory clamp on the handle 
t, provided with a spring — not shown — so that on releasmg 
a catch the specimen was jerked upwards and out of the 
magnetic field When, because of evaporation, the level of the 
Liquid air fell below the lower extremity of V, the temperature 
of the pentane commenced to rise slowly Series of magnetic 
measurements and thermocouple readings were made as the 
temperature rose, the rate of rise bemg increased if required by 
electrical heating 

The magnetic moment of the specimen was measured by 
means of two pairs of coils Cj and wound as shown and con- 
nected in senes opposition to a balhstic galvanometer Fach 
inner coil consisted of 600 turns and the outer of 200 turns 
Their effective areas were arranged to be approximately equal 
so that the flux hnked with each coil due to the above field was 
the same, although the total flux due to the specimen hnked 

• P Weiaa and R Forrer. Ann de. Phya 12, 297, 1929 
t M Fallot, Thfeae, Strasbourg, 193^ 
t R I Allen and F W Conatant, Phys Rau 44, 232, 1932 



MAGNETIC SATURATION 


With each coil was different, but spurious deflections of the 
galvanometer due to fluctuations in the magnet field were 
avoided More complete elimination of such disturbances was 
obtained by rotating a movable coil which was also in senes 
with Cl and 



Fig 6S Apparatus for low temperature meaBurement on ferromagneticB 
(WeiBs and Forrer ) 

To standardise the galvanometer deflections a known 
current was reversed in a small water-cooled coil placed be- 
tween the induction coils Cj and Cj, this corresponded to 
measuring the deflection for a known change of magnetic 
moment, equal to twice that of the magnetic shell to which the 
cahbrating coil was equivalent Unfortunately, this was small 
compared with the magnetic moment of the specimen if coil 
and specimen had approximately the same dimensions The 
standardisation was checked by measuring the magnetic 
moment acquired by a known quantity of manganese pyro- 
phosphate contained in a thin walled glass sphere of known 
susceptibility The field was measured by a standardised 
search coil, the quantity in the above equations is, of course, 
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the resultant field obtained from the latter measurement after 
correction for the known demagnetisation of the ellipsoid 
Weiss and Foirer found the values given in the following 
table for the quantity a of equation (167) and for the specific 
magnetisation in a field of 17,000 oersteds for a specimen of 
vacuum-smelted electrolytic iron 


TABLE XIV 


T 

a 

0*17 000 T 

2BB° K 

63 

217 72 

200 

S9 

219 73 

100 

5 9 

221 14 

0 

6 6* 

221 23‘ 


• Extrapolated 


At the same time the mean value of cr„ □/o’„ jss found 
to be 1 0183, and the mean value of cr^ jjg for several deter- 
minations 217 79 Hence <t„ „ was equal to 217 79 x 1 0183 
= 221 74em umts per gm , and the saturated magnetic 
moment per gm atom at 0° absolute was 12382 em umts 
Fallot's Experiments Fallot extended the Weiss and 
Forrer measurements to liquid hydrogen temperatures using 
the apparatus shown in Fig 69 a, based on Ruhemann’sl idea 
of liquefying hydrogen m the actual apparatus it is desired to 
cool This idea has recently been extensively employed, as 
described in Chapter ix To the ends of a pair of long annular 
spiral tubes S' , forming a heat exchanger, was joined the 
chamber A, shown on a larger scale in Fig 696, m which 
hydrogen was liquefied Hydrogen under pressure entered the 
apparatus through the tube and passed through a spiral 
copper tube immersed in a vessel V containing liquid air It 
proceeded through the inner portion of S' and entered A 
through a narrow opening O, where it suddenly expanded and 
hquefied The unliquefied gas passed through the outer portion 
of S' and was evacuated through the german silver tube 
and a gas meter 

The chamber D, in which the specimen of ferromagnetic was 
placed, was soldered to the floor of A A brass cone C was 

f M Ruhemaim, Zeit furFhys 65, 67, 1930 
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attached to V and formed a ground metal joint with a brass 
block attached to the outer brass container B The cone C 
earned a side piece B which permitted the whole apparatus to 
be rotated rapidly through some 30 degrees about a horizontal 



Fig 69 Apparni.!!^ for low t^mperatDTB measurements on 
ferromagnetics (Fallot ) 


axis and so to remove the specimen from the field between 
the pole tips NS A brass pm e, fitting in a thin ivory disc 
attached to an ebonite support, prevented displacement of 
the inner components of the apparatus during the rotation 
Through an orifice O in the block attached to C the apace 
between V and A and the container B was highly evacuated 
The leads of a thermoj unction soldered to A passed through 
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the tube ( m which they were waxed, and allowed the tempera- 
ture of A to be measured directly on a galvanometer Enough 
hquid hydrogen could be stored in A to keep its temperature 
constant for three-quarters of an hour when a Dewar flask 
surrounded B The temperature rose quite slowly when the 
hydrogen evaporated and measurements of the magnetic 
moment and the tatnperature were sunultaneously made as m 



Fig 70 Fallot's results for iron, j, as function of T* and Tl 


the Weiss and Forrer measurements A number of very 
important and interesting corrections have to be applied to 
the measurements, these are discussed in the foUowmg 
section 

Representative results obtained by Fallot for iron are given 
m Fig 70, m which the experimental values for (Tjp j, are 
plotted as functions of T* and T*, with the stated values of 
The graphs show clearly that the T* law more satisfactorily 
represents the results at the lower temperatures, but that if 
cTjp □ is to be found by extrapolation from results obtamed 
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at the higher temperatures only, then the law is the more 
rehable, this was very clearly the case with nickel This is an 
important point m measurements with alloys, for, when they 
have high Curie points Fallot uses the T* law, but when they 
have low Curie points, say between 100° and 500° C , he uses 
the law, when the Cune point is very low he uses the 
law and extrapolates from measurements over a somewhat 
restricted temperature range, the measurements with alloys 
are discussed on p 252 Fallotfound that cr„ q/o-^ jgj was equal 
to 1 0196 in the case of iron In the case of nickel his value for 
o/o'=. 2S8 was 1 0570 

Image Effects One of the most important corrections to 
be apphed to the above measurements arises because of the 
existence of magnetic images The magnetised specimen induces 
magnetic charges or images, analogous to those envisaged by 
Kelvin in dealing with electi ostatic problems, m the pole 
tips between which it is placed For example, if the perme- 
ability of the pole tips were inhnite then the images would be 
equivalent to multiple “optical” images of the specimen’s 
magnetism Consequently, the deflection of the balhstic 
galvanometer is mcreased because of the additional lines of 
force between the specimen and its images The deflection 
still measures the intensity of magnetisation of the specimen, 
of course, but the constant of proportionality is changed 
Naturally, the effects produced are the greater the more 
permeable or less saturated the pole tips 

The effects were mvestigated by Weiss and Forrer who 
replaced the specimen by a special coil of many turns with the 
same volume as the specimen The cod was wound on a copper 
former which was water cooled to enable it to carry a heavy 
current The cod was then equivalent to a magnet and 
produced images m the jiole tips On reversing the current a 
galvanometer deflection was obtamed, in the absence of 
image effects this would be independent of the field due to the 
electromagnet itself, i e of the saturation of the pole tips 
With pole tips of high permeability producing fields up to 
6000 oersteds, the correction to be applied for change m the 
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factor of proportionality was very small and could be obtained 
with some precision with fields between 6000 and 11,000 
oersteds, when the lactor had to be increased by some few per 
cent For fields above 11,000 oersteds it was large and un- 
certain, and with magnetically soft pole tips it is wise to limit 
mtensity measurements to fields below 10,000 gauss Allen 
and Constant found the image effect to be very large in their 
measurements on cobalt Corrections for residual magnetism 
of the specimen picducing effects after it has been removed 
from the field, and for the paramagnetism of the container 
used m Fallot’s experiment, are also to be applied, they are, 
however, small compared with the image effect 

Domain Size Effect An error to which practically no 
attention has been paid by any experimenter is bound to arise 
when a ferromagnetic contains a relatively small number of 
domains much smaller in volume than the average Experi- 
ments on the Barkhauacn effect, cf p 323, by Bo/orth and 
Dilhngei showed that the disc onlinuities on the steeper parts 
of the ordinary technical hysteresis cuive ncaily all corre- 
spond to reversals of magnetisation in domains about 10“® to 
lO^’cc in volume and coiitaiiiing about 10^^ to Kd* atoms 
in the ferromagnetic materials examined How'ever, domains 
containing much smallci numbcis of atoms must exist 
Stonerf first drew attention to .some irn])nrtant magnetic 
effects which must arise if only a small fraction of a ferro- 
magnetic is in the form of doniain.s containing meiely some 
10^ or 10* atoms, tor these small domains will act as a trace of 
an imjmrity of extremely high magnetic moment Stoner’s 
argument, on account of the importance of the effect, will now 
be given in ejricnso 

Let (Tq j. be the mtiin.sic specific magnetisation, the 
magnetic moment of a domain containing n^ atom.s, and cr^ ^ 
the apparent intrinsic magnetisation which we measure by 
experiment Let A he tlie atoinii weight and N the number of 
atoms in 1 gm atom, then 

/“rf = (171) 

* B HozorthandJ DilliiiRfi, Phys Sev 34 772 1129 nnil35, 733, 1930 
I E C Stoner, Hoy Soc Phil Trana A, 235, 165, 1936 
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whence, for nickel at room temperature we find 

= 6 3 X (172) 

When is large so many orientations of in an applied field 
will be possible that the Langevin expression may he used to 
calculate the average moment resolved parallel to the field, 

Ji^l fill = coth a' — Ija' , (173) 

where a' = (/iJkT) + y pu V, t) 

Rs 3 9 X 10-5 m,; Jt/T, (174) 

477" 

since —ptr'jf, j, may be neglected m compaiison with^ in the 
present discussion 

When o' ^ 1, equation (173) reduces to 


^ _ 2 _ f'V_r 

Pd 0-D j. 


(175) 


where j, is the mean specific magnetisation corresponding 
to Pa, so that from (174) we deduce that 




T 

3 9 X 



T 

^3 9x 10-5jf’ 


(176) 


whence for T = 300°K and = 10*, n^> lO” Now', if 
represents o'' jf tI^jf t> Ihen the differenhal suscephbthty due 
to the domain size effect is given by 


Jf , T 

' djf 


dje 


ifd t) — fd 


Jd Og j,laJ^, 




as long as (176) is true Therefore, from (171) and (176) 
^ fd^O.T ^^l{Oo 


«<14xlO*/rfT/(»d^“) 

Hence, for ^^^^>10-®, 

7i,j 1 4 X 10'*T 
fd“^ ’ 


(177) 


(178) 
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which shows that when la large will be comparatively 
small, and the larger domains will make no appreciable con- 
tribution to dtr'jf, except for a real increase in the 

specific magnetisation, when 3^ is large Taking now the 
maximum possible value, namely /,j = 1, we find for T = 300°K 
that must be less than 10“® if we choose >10^ and 

3^ — 10*, in like manner 9cr'j^ j./Sjf’ will again be less than 
10““ if we choose ng^> 10“ and,??’= 10* On the other hand, if 
we take the experimental value of da' ^ for nickel at 

T = 300° K and = 10* to be 1 5 x 10“®, then the whole of 
the differential susceptibility would be accounted for with 

= 0 01 and = 3 x 10* 

Turning then to equation (167), ajp = a^ — 
we see that the domain size effect has an important bearmg 
So far, no experiments, with the possible exception of those of 
Gerluff, have been carried out with the domain size effect m 
mind Until a method of eliminating this effect has been 
worked out, estimations of the way in which the specific 
magnetisation of a ferromagnetic vanes with the applied field 
are bound to be subject to considerable error, although it is 
unlikely that extrapolated values of Co j,, obtained by pro- 
ducing back the graph of o-j^ y for high values of 3f to cut the 
axis of ordmates, will be seriously incorrect 

Parasitic Magnetism A kind of anomalous magnetisation 
whose origin is not fully understood has been recorded in the 
case of certain Bpecimens of nickel and equation (167) of p 242 
has to be replaced by another of the form 

o-jr T =o‘® + (l’^9) 

in which, for ordinary temperatures o = 20, 6 = 0 2 x 10““ 
The term bJP represents a magnetisation, due to some para- 
magnetic phenomenon, which is termed parasitic magnetism 
(aimantation parasite) Equation (179) can be true only over 
limited temperature ranges The effect is important only when 
StP > 20,000 oersteds, but Fallot allowed for it in obtaimng 
o-„ 0 for nickel When we plot y as a function of , 
equation (179) gives a hyperbola to which equation (167) forms 
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an asymptote, hence by drawing the asymptote to the experi- 
mental curve of j,, \j^ the intercept (r„ ^ can be obtamed 
without serious error This procedure was also necessary 
withallthemckelalloysmvestigatedbySadron * Fortunately, 
the parasitic magnetisation decreases rapidly with tempera- 
ture (yet it IS supposed to be of paramagnetic origin'), and 
hence extrapolation to (T„ □ effectively takes account of the 
whole ferromagnetic moment of the specimen In view, how- 
ever, of the difficulty with which many aUoys can be saturated, 
it is unwise to attach too much importance to the phenomenon 
at present 

Ferromagnetic Oadohmum Metallic gadohnium has recently 
been isolated") from its chloride, some 0 12gm with an im- 
purity, mainly silicon, of 0 73 per cent being available The 
ferromagnetic Cune point of this specimen has been found); 
to be 16° C Its specific magnetisation obeys equation (167) 
with a value of a greater than 1 250, a value 200 times as great 
as that for iron Yet m spite of its great magnetic hardness, 
gadohnium exhibits a greater specific magnetisation than iron 
m high fields It also obeys equation (169), p 242, the value of 
(To, 0 being 253 5e m umts per gm , hence its mean atomic 
moment is 3 2 times as great as that of iron The differences 
between the gadohnium j, , JF curves and those of other 
pure ferromagnetics are considerable and will, no doubt, 
receive further consideration Between 90° and 360° C it 
follows a Curie -Weiss law with 0 = 29 5° C 

Experiments with Ferromagnetic Alloys Experiments on 
the saturation of alloys at absolute zero may be considered as 
attempts to answer two questions, viz , whether the internal 
field in a ferromagnetic acts upon an atom of another metal 
dissolved in it in such a way that it exhibits a magnetic 
moment characteristic of the dissolved atom, and whether 
the atomic moment of a ferromagnetic is in any way affected 
by the presence of foreign atoms dissolved m it 

* C Sadron, Thfeae, Strasbourg, 1932 

t F Trombe, Compl Rend 200. 469, 1935,201, 656, 1935 

t G Urbain, P Weisa and F Trombe, Compt Rejid 200, 2132, 1935 
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The first question was tackled by Sadron’'' and the second by 
Fallot, using the methods already described Sadron first found 
the mean atomic moment of an element dissolved in either 
nickel or cobalt, for aeries of elements in the same column of 
the periodic table, using the law of approach to saturation 
Thus he found the mean atomic moments for a senes of alloys 
of different concentrations of chromium, molybdenum and 
tungsten dissolved in mckel, his results for the chromium 



O 5/( ■0>« t> X Ce 

Fig 71 Reaulte with nirkel chromium bIIojb 


alloys are shown in Fig 71 By producing the hne AB until 
it cut the ordinate at a concentration of 100 per cent chromium 
he deduced that the chromium atom in this state possessed an 
atomic moment of —(38 + 0 14) Bohr magnetons In hke 
manner he deduced that molybdenum and tungsten possessed 
+ 38 Bohr magnetons within the hmits of experimental error 
Again, copper dissolved in nickel and gold in cobalt, as if 
both non-ferroinagnetic atoms possessed 0 4 Bohr magnetons, 
silicon dissolved m cobalt and tin in nickel with 3 6, vanadium 
and antimony in nickel with 4 6 and 4 9 respectively, values 
which were considered equal withm the hmits of experimental 
error The case of manganese was interesting, for it dissolved 
in cobalt with a negative moment of — 3 magnetons, m nickel 

* C Sadron, Ann de Phya 17, 371. 1932, Thfeae, Strasbourg, 1932 
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With + 3, and, apparently, in iron with +0 2 The positive 
and negative signs attached to the moments of chromium and 
manganese were taken to show that these atoms set either 
parallel or antiparallel to the atomic field in the ferromagnetic 
From these and other results was deduced the rule that the 
atomic moments of metals, in the same column of the periodic 
table, are equal when dissolved m mckel and cobalt 

Sadron also investigated the behaviour of dissolved elements 
belonging to the same horizontal row of the periodic table as 
mckel and cobalt, and his results are shown m Fig 72, from 



Fig 72 Sttdron'a resulta for atomic momenta of mctak 
diaaolved in Co and Ni 

which it 18 seen that the atomic moments of the dissolved 
metals vary from element to element in a manner very similar 
to that in which the moments of the corresponding ions in 
aqueous solutions vary The four results shown by the dots 
were deduced on the basis of the first rule In discussing the 
validity of those rules it must be pointed out that the necessary 
extrapolations are often made with very dilute solutions of the 
metals, and it is easy to show that the smaller the concentra- 
tion the greater is the uncertainty in the calculated value of 
the atomic moment 

Now, iron wasfound unsuitable as asolvent metal m Sadron’s 
work, but it was used by Fallot in his exammation of the second 
question He measured the values of cr„ „ for a senes of iron 
alloys, using the or T* law according to the Curie point 
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found for the alloy The mean atomic moments for a senes of 
sibcon-iron alloys are shown in Fig 73, together with their 
Cune points When the Ime AB is produced, it cuts the 
ordinate at 100 per cent sihcon at zero atomic moment, thus 
showing that sihcon combines with iron in the range 0 to 6 
atoms per cent as if it possessed zero magnetic moment Now. 
from the more rapid slopes of the portions BG, CD, etc of the 
graph, it appears that the silicon atom possesses the property 
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of reducing the magnetic effect of the iron atom in these 
alloys Similar statements hold for aluminium and chromium, 
whereas gold and tin appear to increase the magnetic effect of 
the iron atom Fallot considers that superstructures, such as 
FejSi, Fe,Si and FeijSi, occurring respectively at D, C and B, 
are easily made manifest on the curve of the ferromagnetic 
Curie point Of plotted against concentration, which is also 
shown m the figure {/i is expressed in Weiss magnetons ) 

Mott’s Explanation of the Magnetic Properties of Alloys 
The above results on alloys have recently been explained by 
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Mott* on the basis of a simple model in which is postulated a 
band of energy states corresponding to the 3d and another 
band corresponding to the 4a states of the atom In the mckel 
atom these bands oveilap so that there ma.y he p electrons per 
atom in the s band and p gaps in the d band, where p is about 
0 6 per atom For cobalt and ironp is 0 7 and 0 2 respectively 
Mott considers that the maximum bindmg energy is obtained 
m these alloys when the number of electrons in the 48 band 
18 likewise about 0 6 per atom, and that if extra electrons 
are introduced by the addition of an atom of copper, zinc, 
alummium or tin they must go mto the 3d band as long as there 
18 room for them Here they can only take up states with spina 
oppositely directed to the direction of magnetisation, pro- 
ducing a diminution of the magnetic moment by 1, 2, 3 or 4 
Bohr magnetons for the above metals respectively, in complete 
agreement with Sadron's results and some early work of Alder 
on coppei -nickel alloys Now, since the manganese atom has 
three less electrons than mckel, the addition of a manganese 
atom will decrease the number of electrons in the 3d band by 
3 and so produce an mcrease of 3 magnetons in the magnetic 
moment No explanation can however be given for the 
decrease found with cobalt, but the experimental results are 
meagre and it is not certain that the alloy specimens so far used 
have been solid solutions Again, no change in the saturation 
moment occurs when palladium is added to mckel, pre- 
sumably because both atoms have about 0 0 election per atom 
in the 8 band tiee Chapter xii 

Determination of Curie Points The term Curie point la 
frequently not sufficiently precise, j" and in practice we dis- 
tinguish between the ferromagnetic Curie point, Oj, and the 
paramagnetic Curie point, 0, of a substance, there is also 
some evidence that another temjicrature, 0^, the temperature 
at which the coercive force of a ferromagnetic becomes zero, 
may be of importance, hut it is not yet proven whether d and 
6^ do or do not coincide The ferromagnetic Cune pomt is that 

• N F Mutt. J'hys Soc Frar 47, 571, 1915 

t Cf R FoTler.Journ de Phya 1, 49, 1930 and L F Bates, PAyj SfK Ptoc 
43, 87, 1931 
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temperature at which the substance loses its spontaneous 
magnetisation or more precisely the point where the erg j,, T 
curve cuts the temperature axis, while the paramagnetic Curie 
point 18 the temperature, or parameter, which occurs in the 
Curie-Weiss equation representmg the behaviour of the 
substance at temperatures well above 6f, there is generally a 
difference of some 10“ or 15° C between the two points 0 is of 
course determined from susceptibihty-temperature measure- 
ments of the kind described m Chapter III The same apparatus, 
though m rather less sensitive form, may be used for the 
determination of d^, of which a knowledge is most important, 
as we have alrea,dy seen Thus Sadron, in his experiments on 
ferromagnetic alloys, employed the translation balance devised 
by Foex and Forrer with a non-uniform but feeble field of about 
50 oersteds, obtaining the values of dj with an accuracy of about 
+ 4° C , the mean of the temperatures at winch the ferro- 
magnetism disappeared and reappeared was taken as the 
correct value of 6^ 

In computing 0 it must be assumed that the graph of 1/;^ 
against T is linear Tins is usually not the case unless T^6f 
For example, the graph for nickel is concave towards the 1/;:^; 
axis below 500° C , but is Imear between 500 and 850° C , 
giving 0=377, according to Sueksimth and Pearce* These 
workers also found that iron 00 97 per cent puie, to whicli a 
little vanadium had been added to inhibit the formation of 
a y phase between 920 and 1 390" C gave a linear graph above 
900“ C with 0= 828“C Cobalt 99 8 per cent pure gave a 
linear grajih over the lange 1230 to 1450° C with 6 lying be- 
tween 1130 and 1155° C according to the degree of annealing 
to which the specimen had been cx[)osed The relevant values 
of ji calculated for iron, nickel and cobalt from the slopes of 
these linear graphs were 3 15, 1 61 and 3 15//^ These mag- 
neton numbers are considerably greater than those found in 
low temperature measurements and shown m Table XV, but 
the discrepancy has been neatly explained by Stonert on the 

• W SuGkgmith and R R Pcorcc, Roy Soc Proc A, 167, 199, 1939 

f K C S tuner, Roy Soc Proc A, 165, iJ72, 19^8, and Leedfi F/nfxw 5or Proc 
3, 457, 19J8 
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basis of a collective electron treatment of ferromagnetism 
using Fermi-Dirac statistics 

In general, the remanent magnetism possessed by a ferro- 
magnetic which has been placed in a strong field is sufficient 
to give satisfactory deflections of a sensitive astatic magneto- 
meter system The specimen can then be placed mside a copper 
block furnace heated by alternating current The sudden 
changes m the magnetometer deflection when the temperature 
of the specimen is in the neighbourhood of 6f are sufficient to 
enable the point to be fixed within 2° to 5° C Ochsenfeld* used 
such an arrangement m his study of ferromagnetic alloys of 
chromium and tellurium and of compounds of manganese and 
nitrogen, and Torrerf used it in a study of the magnetic 
properties of specially treated mckel wires The method has 
the disadvantage that only the temperature at which the 
magnetism disappeais can be recorded, for, in the absence of a 
magnetic field, permanent magnetism does not reappear until 
the temperature has fallen well below dj in many cases An 
astatic magnetometer is essential, as the measuiements are 
usually made in mstitutions where electromagnets are likely to 
be in contmual operation It is, however, desirable to bear m 
mind that remanence is not necessarily to be associated with 
spontaneous magnetism, for a single crystal exhibits very little, 
and the last method may not be reliable Its reliability must 
also come into question when the C'une point is so high that 
thermal diffusion occurs 

Bates, Gibbs and Reddi PantuluJ have described a simple 
oscillation method which gives results correct to + 2° U The 
specimen is fixed in an evacuated pyrex tube and suspended 
with its axis horizontal from a glass fibre attached to a fine 
phosphor bronze suspension, and allowed to oscillate in a field 
of some 120 oersteds The period t is obtained for a senes of 
different temperatures, and as l/i® is almost directly pro- 
portional to the magnetic moment of the specimen, marked 
changes in 1 occur at Of 
* R Ophaenfeld, Ann der Phys 12, Siil, 1332 

t R Rorrer. Journ de Pkys 10, 251, 1929 See alao Chapter x, p 324 
j L F Bates, R E Gibbs and D R«ddi Pantulu, Phya Soc Proc 48, 605, 
1936 
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With many alloys the ferromagnetism falls very rapidly at 
first but “tails off” before it completely disappears This 
behaviour, see p £79, is far more general than is commonly 
beheved, even m the case of pure metals The value of dj is 
then computed by producmg the rapidly descending portion 
of the curve of magnetisation with temperature to cut the 
temperature axis, in fact, the procedure followed is like that 
used m finding the range of a group of a-particles in air 

All alloys used m magnetic work should be produced by 
fusing the necessary constituents together in vacuo m an 
induction furnace,* when, because of the convection currents 
set up m the molten material, the preparations are usually 
homogeneous An examination of the of any alloy provides a 
fairly conclusive teat of its homogeneity, for the presence of 
foreign or uncombined constituents is characterised by the 
occurrence of more than one Of for a specimen Alloys should 
always be sealed in an evacuated tube and annealed for some 
hours in an ordinary furnace 

Magnetisation at High Temperatures The experiments we 
have so far considered have given information concerning the 
behaviour of cTq ^ in low temperature ranges, from 20" to 
about 300° K , and we must now discuss measurements at 
higher temperatures where T approac hes 0/ Such expeiiments 
have only been made with the elements iron and nickel 
Weiss and Forrerf measured the intensity of magnetisation of n 
nickel sphere by the ballistic method, but instead of displacing 
It laterally from the gap of an electromagnet, they pulled the 
specimen and the furnace contammg it through a hole into one 
of the pole pieces Their apparatus is shown diagrainmatically 
111 Fig 74 The magnet had large truncated pole tips pierced 
axially with holes 1 5 cm m diameter Yet, with a gap 
2 5 cm wide it was considered that the field over the whole 
region occupied by the mckel sphere W'us uniform to within 
1 or 2 per cent 

The sphere Ni was heated in an electric furnace of special 
* See OEC Jourti 7, No 2, 1936 

P WeiBB and R Forrer, Ann dt Phys 5, 163, 1920 See also W W Stifler, 
Phya Rzv 33, 260, 1911 


259 


17-3 



MAGNETIC saturation 

design, made of meerschaum, wound with a non-inductive 
spiral of platinum w ire, and water-jacketed The brass tubes L 
and L' carried the heating current and through L' emerged the 
insulated wires of the thermocouple of which one junction was 
formed by forcing a silver and a constantan wire into conical 
holes in the nickel and soldering them m position The whole 
furnace was pulled to the right by a cord attached to L' when 
it was desired to remove the specimen from the gap, and was 
restored to its normal position by a spring 



Fig 74 Wci^^ and Forrcr’e apparatiin for hiKh temperature 
measurements 


The intensity of magnetisation was measured at different 
field strengths with the induction coils B and B' airanged as 
desenbed on p 24d, the sensitivity of the ballistic galvano- 
meter being varied over a wide range to permit accurate 
measurements as the magnetisation became progressively 
smaller at high temporatmes The relative accuracy of the 
measurements was aViout 1 pait in 1000, but the absolute 
values might be wrong by as much as 1 per cent, owing to 
differences in the purity and thermal history of the specimens 
Ab the nickel specimen was not truly spherical the de- 
magnetisation factor was found experimentally, using the 
knowledge that for very weak intensities of magnetisation 
the field inside the specimen was zero With a pure specimen 
the uncorrected I, curve was a straight line even up to 
half saturation values of 7, and its slope was equal to the 
demagnetisation factor Corrections were apphed for the 
magnetic properties of the furnace and the image effect 
In this way Weiss and Forrer determined the isotherms of 
nickel, 1 e the j,, 3^ curves for a series of known tempera- 
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tures between 20° and 630 4° C Some of these isotherms are 
given m Fig 75 There la no question of hysteresis effects m 
these experiments, for hystereais phenomena are confined to 
such small field values that the hysteresis curves would 
practically coincide with the axis of ordmates At the lower 
temperatures it is seen that y mcreases proportionally to 
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Fig 75 tr jf- f, JP curves for nickel (Weiss end Forrer) 


the field when the latter is strong The curves show how 
difficult it 18 to determine the values of cTj y with any certamty 
at temperatures in the neighbourhood of the Cune pomt, or, 
mdeed, to discover from them the value of with an accuracy 
greater than 2° C It may be argued that the isotherm at 
346 90° C shows the existence of spontaneous magnetisation 
as measured by extrapolation along the dotted hne, while 
that at 356 27° C , being continuously curved, exhibits very 
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much less, but this distinction is not sufficiently definite and 
reaUy depends on preconceived ideas as to how y ought to 
vary with ^ In fact, we conclude that the determination of 
£r„ y from tjjf, y curves is unreliable at temperatures much 
higher than 0 99y, and we shall see in the next chapter how 
rehable values can he obtained As Weiss and Forrer showed. 



a aeries of , T curves for constant magnetisation can be ob- 
tamed from the isotherinals of Fig 75, and, by extrapolation 
the temperature at which Cp y has a specified value can be 
found , this no doubt provides more reliable cTp^ y , T data 

Potter’s Experiments The method of Weiss and Forrer 
could hardly be used with iron on account of the increased 
size of the furnace which would be necessitated by the high 
6f, but Potter has measured the Ojf y curves for iron by an 
mgemous adaptation of the principle of the Kapitza and 
Webster method of measuring susceptibihties, p 108, and the 
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use of a Suckamith nng balance The experimental arrange- 
ments are shown in Figs 76 and 77 The iron sphere A was 
mounted in a tube T' inside a non-magnetic furnace between 
the plane pole tips of the electromagnet so that it distorted 
what would otherwise be a very uniform magnetic field A 
coil B of about 160 turns was wound in three layers on an 
ivory former and suspended by a quartz tube T from a 
Sucksmith ring balance B was placed with its axis strictly 
parallel to the field, and when a current passed through it, the 
force of attraction or repulsion between A and B was a direct 
measure of the magnetic moment of the former The force was 


To pump 



Fig 77 M( thod of hohJmg 8iie(itticn m position (Potter) 


measured by the dis| da cement of an image m the tele- 
microscope M when the current m B was reversed, the 
sensitivity being detei mined by the current in B and the 
distance between A and B Lateral motion of B relative to the 
case C was jireveiited by the two flat phosphor bronze springs 
(Sj and iSj mounted so that they turned in opposite directions 
The axis of B was carefully set by lateral and vertical motion of 
G and by turning C about a vertical axis in the cone bearing D, 
for, unless the axis of B was strictly parallel to the field a 
torque was produced resulting in a big downward displacement 
oiB 

The method of holding A rigidly in position is shown m 
Fig 77 The sphere was mounted by a tiny set-screw jSi on a 
tapered tungsten pm sealed into the quartz tube t The latter 
was mounted rigidly in the head of the ground-quartz jomt, 
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and it was curved as shown, with its end resting on two pro- 
jections of which one is shown, so that the sphere was rigidly 
clamped against the tube T' A 40 per cent palladium m gold 
— 10 per cent rhodium m platinum thermojunction was 
inserted into the sphere 

Allowance was made for the pull of the field upon B, for it 
was impossible to make the field absolutely homogeneous, 
there was, however, little doubt about the accuracy of the 
correction Allowance was also made for magnetic effects 
produced by the furnace, and for image effects The Weiss 
and Forrer coil method was found inaccurate with Potter’s 
apparatus, and the sphere was therefore replaced by an iron 
single crystal whose magnetisation showed an mcrease of 
about 0 6 per cent as the field rose from 7000 to 12,800 
oersteds Now, single crystals saturate in effective fields of a 
few hundred oersteds, hence the above increase could safely be 
attributed to the image effect and the corresponding correction 
apphed to the results The demagnetising field was taken to 
be 4fl'//.3, the absolute value of I being obtained on the 
assumption that 290 1705c g s units per c c 

The values of ,p obtained from these experiments were 
not directly used for the extrapolation of tr„ y by plotting 
(Tjf, y against although they are probably more reliable for 
the purpose than others so used Their use will be fully dis- 
cussed m the next chapter 

Discussion of Results It is convenient here to deal with the 
datafortTo -pjcr^ „ obtained by the exjieriments so far described, 
but restricting our discussion to temperatures below 0 
Tyler* has analysed the data, obtained by Weiss and Forrer 
for nickel, by Curief for iron and by BlochJ for cobalt, and 
the values are shown plotted m Fig 78 The data for iron and 
cobalt certainly require revision, although they are sufficiently 
accurate for our present purposes, Hegg’s§ values for iron he 
above those plotted in the figure and Allen and Constant’s 
values for cobalt he below 

» F Tyler, Phil Mag 11 , 506. 1031 
t P Curie, Ann de Phys and Chem 5, 2B9, 1895 
i 0 Bloch, Thtae, Zurich 1012 
§ T Hegg, Th^qe, Zurich, 1910 
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In the figure curves (1 ), (2) and (3) respectively represent the 
theoretical variation of Uo o with T jdf on the classical 
Langevin theory, and on the quantum theory of p 237 with 
J = 1 and J = \ Ignoring the data near Tjdf = 1, we see that 
the curve for J = } fits the facts far better than the curve for 
J = I, and as the curves for J = 2, 3, etc would he between 
curves (1) and (2), we could not expect better agreement 



Fig 78 Intrinsic magnetisation carves (1) Classical curve (La.nge\in), 
(2) Quantum curve, J -1. (J) Quiintum curve, © 0 ® iruii, 

XXX cobalt. AAA nickel {6 = 0/, theoretically ) 

between experiment and the present quantum theory We 
conclude then that each magnetic earner has a moment of 
1/ig, which we attribute to spin In order to avoid confusion 
it IS necessary to note that m many works the ordinates of 
Elg 78 are labelled £r„ y/cr,, o-U’u, t being dehned by equation 
(167) In these pages (r^ y denotes the mtnnsic magnetisation 
of a Weiss domain in the absence of an applied field Of course, 
(r„ y does not differ from cr„ y at low temperatures, but in 
view of experiments on the magnetocaloric effect it is de- 
sirable to distinguish between them at higher temperatures 
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TABLE XV 


Metal 

Atomic 

weight 

^ m 0 

e m units 
per gm 

Satuia 

tion 

atomic 

moaicnt 

0 , 

°c 

e 

°c 

Fe 

5*1 84 

221 B 

2 221 

770 

§2B* 

Co 

68 97 

163 9 

1 716 

1115 

1138 

Ni 

58 OB 

67 6 

ObOb 

35B 

376 

Gd 

157 30 

2)3 5 

7 10 

16 0 

29 5 


• Value obtained by yuckamith aud Pearce 


Turning to the above table, in winch are collected data of 
the values of cr^ q for the ferromagnetic elements, we see that 
each iron atom supplies 2 2 earners on the average, while the 
gadolmium atom supplies over 7, and so on, we must therefore 
conclude that the electron spins in neighbouring atoms ahgn 
themselves in a strong magnetic field independently of their 
neighbours It is interesting that no metal atom possesses a 
whole number of Bohr magnetons 

This feature has been discussed by Mott* and Slaterf, who 
explain it by reference to the number of vacant places in 
the 3d shells of electrons In the ferromagnetic metals the 
energy bands of the 3d and 4s electrons overlap Now, the 4s 
electrons are mainly responsible for the binding and lattice 
spacing in the metal crystals and for the electrical conduc- 
tivity, while the 3d electrons aie responsible for ferro- 
magnetism In general, there is on the average a fractional 
number of electrons m each band For example, in the case of 
nickel, 10 electrons may be distributed among them, and we 
find, on the average, that 9 4 electrons are in the 3d band and 
0 6m the 4s band Cobalt has 9 available electrons, 8 3 going 
to the 3d band and 0 7 to the 4s Iron with 8 available 
electrons supplies 7 5 to the 3d and 0 5 to the 4s, the division 
being m all cases approximate only 

Now, if the 3d band contained a full complement of 
10 electrons, then 5 would have their spins parallel and 5 anti- 

* N F Mott, Phya Soc Proc 47, 571, 1935, N F Mott and H Jones, 
Properties of Metals and AUoyi, 222, 1936 

t J C Slater, Journ of Applied PKys 8 , 385, 1937 
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parallel to an applied field In the partially filled band we may 
still have 6 spins set parallel to the field when saturation is 
attained, bat the remainder must set antiparallel Thus the 
mckel atom gives us a net parallel spin of 5 — 44 = 06, cobalt 
gives 6 — 33 = 17, and iron gives 6—2 6 = 2 5 We may 
further explain the behaviour of iron-cobalt alloys, where the 
combination resultLS in the average number of electrons per 
atom of iron or cobalt lymg between 7 3 and 8 3, the exact 
value dependmg on the composition In fact Slater, by plotting 
the saturation magnetic moment agamst the average number 
of vacant spaces in the 3d shells, shows that the values for 
Ni-Cu, Ni-Zn, Ni-Co, Fe-Ni, Fe-Co, Fe-V and Fe-Cr alloys 
he on a smooth curve, aujiporting the general rule that the 
saturation atomic moment is very nearly equal to the number 
of empty spaces in the 3d shell 
In iron-mckel alloys iron behaves as it it had 0 8 electron 
per atom m the 4s bands, and on the above views we should 
therefore expect a not spin of 5 — 2 2 = 2 8, whereas we only 
obseive 2 2 by direct experiment Neel has provided an 
explanation based oil the assumption that N electrons in the 
metal are coupled to give an angular momentum j units and 
a magnetic moment Ij/tp There are consequently }Nj canieis 
spread over an electron energy band of approximately the 
parabolic form given by fiee electrons If If is the maximum 
energy of the band and we define the ooeflicient of the internal 
molecular held by = W j2N% , we hnd that we get saturation 
with each cell occupied by a smgle carrier of quantum number 
j when the actual coefficient v of the internal field is greater 
than v' If, however, v becomes smaller some cells become 
occupied by 2 earners with (|uantum number j and j — 1 , 
as V becomes smaller still, some cells become occupied by three 
carriers with quantum numbers j—1 and J — 2, respectively 
In each case, the saturation magnetisation is decreased, until 
finally, when the lowest cells are occupied by the maximum 
number 2j -I- 1 of carriers, the magnetic saturation is zero 
Hence, there must always be a difference between the 
theoretical and the experimental saturation, unless v > v', 
which depends upon the value of 
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ENERGY CHANGES ASSOCIATED WITH 
REVERSIBLE MAGNETISATION 


The Specific Heat of a Ferromagnetic We have seen that 
the Weiss theory postulates the existence of a molecular field 
of magnitude vpa inside a ferromagnetic Consequently, the 
magnetic energy associated with 1 c c of the material is 


— I F dl = — { pvcr(pdo 
Jo Jo 


-P‘ 


or the energy associated with 1 gm is — p - - , or, more 
pv 

precisely — o-g ^ at a temperature T° absolute and" in the 

A 

absence of an external field The minus sign merely indicates 
that we have to sujiply heat in order to destroy the intrinsic 
magnetisation, in other words, the specific heat of a ferro- 
magnetic is gieater than that which would be exhibited by a 
normal metal under the same phvsit.il conditions Hence the 
specific heat of a ferromagnetic may be written 


C/ — 


U dT ’ 


( 180 ) 


where is the specific heat of a normal metal at the same 
temperature T, and J is the mechanical equivalent of heat 
The last term m equation (180) is negative because cr,, j. 
decreases with rise in temperature Moreover, since (Tq y 
changes very rapidly m the neighbourhood of the ferromag- 
netic Curie point, the last term in equation (IBO) practically 
vanishes above Of According to the simple Weiss theory, then. 
Of should rise to a sharp maximum at Oj, and a sudden drop 
in Cf should occur as the temperature rises above Of If, how- 
ever, we suppose that cTq y does not fall sharfily to zero at 0^, 
but “tails off”, then Cf will rise to a maximum at the tem- 
perature where derg 2 'ldT is a maximum, a temperature which 
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IS sometimes termed the ferromagnehc critical point* and there 
will not be such a marked discontmuity in the specific heat 
The mvestigation of equation ( 1 80) requires the simultaneous 
measurement of the specific heat and cTq^ j, of the same specimen 
at many temperatures over a wide range The early experi- 
ments of Weiss and his collaborators were made by the 
method of mixtures, using a platinum coated iron cylinder 
The method was unsuitable for a proper test, for it gave only 
average values of the specific heat over large temperature 
intervals, and did not permit magnetic and thermal data to be 
obtained at the same time 

Electrical methods, which give the differential specific heat, 
1 e the average value of Cf over a very restricted temperature 
interval, have therefore been used by later workers Thus, 
Sucksmith and Potterf used a mckel cylinder of which the 
middle portion was removed and replaced by a plug of the same 
sample The jilug had a serein thread in which a double-silk 
covered platinum wire was non -inductively wound and 
cemented, and the S 3 'stem formed a kind ofNernst calorimeter, 
the platinum being used both for supplying heat and for 
measuring the temperature of the specimen The cylinder 
was suspended within an evacuated vessel surrounded by a 
furnace, mounted inside a solenoid provided with a secondary 
coil The furnace and its contents w'ere maintained at a steady 
temjierature for some time, after which a known quantity of 
electrical energy was quickly suiiplied to the platinum wire 
The rise m teinjierature of the cylinder was measured, correc- 
tion being made for the temperature lag in the wire The 
value of cTj, j, was found by ballistic measurement with the 
solenoid 

KlinkhardtJ employed a novel electron bombardment 
method for measuring the specific heat of iron at tempcratuies 
between 100° and 1000° C Bates^ devised an electrical method 
for dealing with the specific heats of powdered ferromagnetics 

* L r Bates, Phys Soc Froc 42, 441, 1930 

t w Sucksmjth and H H Potter. Roy Soc Proc A, 112, 1,37, 1926 

t H Klinkhardt, Ann der Pdya 84, 107, 1927 

§ L F Bates, Roy Soc Proc A, 112, 157, 1926, and B G Whitmore, Phil 
Mag 7, 125, 1929 
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With low Curie pomta , this was used with manganese arsemde, 
MnAs, which has a ferromagnetic critical point at 42 2° C , 
and whose specific heat naes from about 0 1 cal per gm per 
deg C at 26° C to a maximum of nearly 0 9 at 42 2° C , where- 
upon it falls almost to 0 1 again at about 46° C There is no 
doubt that the maximum value of Cf occurs when deg jijdT is 
a maximum 

Pure nickel specimens in rods or wires 
some 2 mm in diameter were used by 
Lapp* and by Grew,! the latter using i,j/ 
metal 99 97 per cent jiure Grew followed 
Lapp’s experimental arrangements fairly 
closely, except that he measured both the 
current supphed and the resistance of the 
nickel, while Lapp used a special type of 
wattmeter to measure the electrical energy 
supplied Grew’s arrangement is shown in 
Fig 79, the nickel being mounted in an 
evacuated pyrex tube, and the electrical 
energy being supphed through the leads 
L, L' The leads R, B' , which were of the 
same material as the specimen, enabled 
the resistance of the portion between r 
and r' to be measured, while the tempera- 
ture was measured by a thermocouple 
spot welded at a The pyrex tube w'as 
enclosed in a furnace and the specific 
heat at chosen temperatures found as 
described above The results obtained for 
pure nickel are shown in Fig HO and 
include those of Rodebush andMichaleck J Giew’s apparatus 

n-r i_ j X 11 i_ t 1 forapecific heat of nickel 

Magnetic data were in all cases obtained 
from sepal ate experiments 

In a theoretical discussion it is convenient to regard the 
observed specific heat as made up of several terms, viz 

* Mme Lapp, Ann de Phye 12, 455, 1929 

f K E Grew, Roy Soc Ptqc A, 145, 509, 1934 

t W H Rodebush and J C Michaleck, t/ovrn Ainer Chem Soc 47, 2117 
1926 
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Observed Specific Heat = + (<7^ — C„) + 0^+ Cj, where is 

the specific heat at constant volume of a normal metal given 
by the Debye theory, represents the excess of the experi- 
mental value for a normal metal hke copper over the Debye 
value. Op — is the correction for thermal expansion and may 
be important near Of, and finally Cj mcludes all the effects 
associated with ferromagnetism and any not separately 
mentioned in this analysis A smgle determination of the 
specific heat at liquid-air temperatures gives the data for the 
calculation of C, at that temperature, due allowance being 
made for the small magnetic and expansion contributions 
here Hence the Debye characteristic temperature 6j^ for the 
metal is known, and as Cg is a known function of Tjdj^ it can 
readily be calculated for any value of T We also have 


T a} 


where x and y are the coefficients of cubical expansion and 
isothermal compressibility respectively The quantity Cj is 
taken to be the same for mckel as for copper Finally, the 

quantity can be calculated, vp being found 

fiom measurements in the paramagnetic state which give 
0 = Cpv, where C is the Curie constant, it is assumed that vp 
is the same above and below Of 

In Fig 80 the cuive represents the observed specific 

do"^ 

heat less (C^ + — C^+C^), while represents — \pv - 

d-i 

There is obviously a difference between Cj and C[ which is of 
unknown origin Moreover, the changes in specific heat are 
spread over a wider range of temperature around Of than the 
Weiss theory predicts, a feature confirmed by Abrens,* wbo 
measured tbe differential specific heat of nickel by a comparison 
method The differences between the results of the several 
experimenters are m part, and, perhaps, wholly due to 
differences in purity and mechamcal treatment, for Grew 


* E Ahrens, Atw derPhyi 21,109,1934 SeealaoC SykemndH Wilkinson, 
Proc Phya Hoc 60, §34. 1939, and L Niel, Compt Bend 207, 1384, 19J3 
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found that by adding copper to nickel is lowered, while the 
magnitude of the specific heat changes is reduced and they are 
extended over a wider temperature range ZuithofiF* con- 
siders that some irregulantiea m the specific heat of pure uon 
arise from the presence of occluded hydrogen 



Fig SO Specific heat curves for pure nukol C,,, —Q— firew's values of speriHc 
heat, — M — Lapji’e values, — W — Rodebush and Muhaleck's values 
eveeaa specific hi at. C\ maguotlc spcciho heat 


The, Magnttocaloiic Effect We have seen in the previous 
chapter that we cannot obtain accurate values of cr^ j, from 
the curves of cTj^ j, against when T is close to and we 
shall now discuss experiments which enable us to obtain them 
Let us suppose that a nickel sphere is suddenly introduced 
into a strong magnetic field, e g by the method of Weiss and 
Forier described on p 260, then the magnetisation of the 
sphere is increased We shall neglect all hysteiesis phenomena 
and consider solely the strictly reversible change in the 
magnetisation of the domains or true magnehsahon of the 
nickel An increase in this magnetisation means that the 
potential energy associated with the ferromagnetic domains is 

* A J Zuithoff, K Akad Amalsr Proc 41, 264, 1938 
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decreased, and, if the energy thus set free cannot leave the 
sphere, a nse in temperature of the nickel must result In Lke 
manner, if we suddenly remove the sphere from a strong 
magnetic field an adiabatic fall in temperature must result 
This phenomenon is known as the magnetocaloric effect, and it 
IS not apparent m the weak fields which are used for the 
mvestigation of hysteresis phenomena 

It IS often helpful in all thermodynamical discussions in 
magnetism to consider J?” analogous to P and tr to F in the more 
familiar theory We may calculate the observed changes m 
temperature as follows Let U be the internal energy and S 
the entiopy of 1 gm of a ferromagnetic at a temperature T, 
and let ^ be the leal or true specific magnetisation in an 
applied field , then, it dV is the change m internal energy, 
dQ IS the quantity of heat absorbed, and dW the magnetic 
work done on the substance, 

dU = JdQ + dW = TdS+JfdcTjr j,. 

Hence, 


dU ~ da T "b t dii^) 

= d(U = TdS—ajf j,dJP 

But d{U —J^ajf, y) IS an exact differential, and, therefore, 


/ 0 ri _ 

(da^ r\ 


1 


(181) 


Now, = JCjf dTjT, where Cjf. is the specific heat of 

the substance m a field and Cj^AT is the heat supplied in 
establishing a field,;^?’ Finally, on substituting the above value 
for dS in (181) we have, treatmg small fimte changes, and 
assuming Cjf, constant. 


AT = - 


T 



Aj(r 


( 182 ) 


When A:^ is positive, JT is also positive, smce 0(rjp 
negative 

We may, however, proceed m a different way, writing 
J dQ = dU—dW = (J C^dT — Jf^dajf, y) — 
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where la the specific heat of the substance when the magneti- 
sation IS constant, is the internal field and Jif the apphed 
or external field We may even look upon the last equation as 
a definition of On the Weiss theory, = vpTj^ y, so 
that 

J dQ = JC„dT — + vp<rjf_2’)’^'^je’ T (18J) 

For an adiabatic change, dQ = 0, and 


dT 


+ vpa-jf, y 




(184) 


Equation ( 1 84) can be integrated if vp is independent of both 
temperature and mrignetisation This is the assumption made 
m the Weiss theory, and it is inadequate without experimental 
proof On the Heisenberg theoiy lyi depends both on tempera- 
ture and magnetisation, but cxpeiiinent also shows the 
Heisenberg factoi , p 24 1 , to be in.idequatc 
On the Weias assunijdioii, then, we write 


AT = 


'’P / - 2 1 


(185) 


where C„ is now expressed in cal per gm per deg and has 
been neglected in comparison with the niudi gi eater internal 
field Equation (185) should theiefoie he valid at teni])eratuies 
below or even slightly above Hf At temjieratures well above Of 
we have cTj^. y = , and if y is independent of on inte- 

gration equation (185) becomes 


AT = (vp + ^lx) 


T^r T 

ij(; 


y 


(186) 


where the constant A vanes with T since y decreases with nse 
m T 

Equation (1 85) may be obtained hy a simple argument Let 
the curves (1) and (2) of Fig 81a respectively represent the 
variation of rr^ y and of y for a known value of , with 
temperature Let a specimen be initially m the state repre- 
sented by the point A on curve (1) and let the field 3^ be 
switched on so that the temperature rises to that of B on 
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curve (2) Aa magnetocaloric changea are reveraible we must 
get the same result if we proceed from A to B via C7, i e if we 
first increase the temperature while keeping the magnetisation 
constant until C is reached and then increase the magnetisation 
while keeping the temperature constant from C to B 
Neglecting the work done by the external field and assuming 
an adiabatic change from A to B, we have 

J^Q = 0 = work done m going from A to (7 + work done in 
gomg from C to B = JC^AT — — j,) 



Fig 81 Magnetocaloric phenomens 


Hence, on rearranging the terms we have equation (185) We 
see, then, thaton plotting jragainstcr^ j, for a chosen value of 
T we must obtain a straight line such as ( 1 ) in Fig 816, whose 
intercept on the magnetisation axis gives erg j, In practice, 
however, wc find graphs with “flat feet”, indicated by the 
dotted line, the reasons for which we shall discuss later 

It follows that we may cariy out two sets of experiments 
First, we may place a ferromagnetic substance in a strong 
magnetic field and verify equation (182) Secondly, we may 
measure the changes in temperature corresponding to the 
establishment of measured values of CTjg, j, and find vp graphic- 
ally by using equation (185) 

Experimental Investigation of the Magnetocaloric Effect 
Equation (182) has been confirmed with nickel by Weiss and 
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Foirer,* and with non by Potter t Weiss and Forrer used the 
apparatus described on p 260 A galvanometer in the thermo- 
couple circuit was imtially balanced on a potentiometer and 
its deflection was observed when the furnace containing the 
nickel was pulled aside into a pole piece, this deflection was 
a measure of the adiabatic change in temperature Rapid 
determinations were made by using a critically damped 
galvanometer of short period The way in which zl T for a series 
of known fields Ajff depends upon the temperature is shown 
in Fig 82 



Fig 92 Magnetocaloric effect in nickel 


Potter used the apparatus described on p 262 with similar 
galvanometer arrangements for measuring the changes in 
temperature of the specimen, except that, as the field had to 
be switched on and off, a galvanometer of somewhat longer 
period was needed By taking readings both when the field 
is switched on and switched off, eddv current effects may be 
eliminated, although these are small in any case For, on 
exciting the field we observe +AT^ = -\-AT + AT^, and on 
switching off we observe —AT^ = — AT + AT^ Thus a senes 
of values oi AT for known changes AJf can be obtained at 
chosen temperatures On the whole, w'e may say that expen- 
ment proves a linear relation to exist between AT and A^‘ in 
temperature regions where relation (182) would be exjiected 
to hold, and any slight concavity tow'ards the AJ^' axis of the 
Imes for the higher temperatures is explained by the known 
decrease of tI^'^ with increase in and a slight con- 
vexity of the fines for the lower temperatures by error in tbe 
value of the demagnetising factor used in calculating the 
effective value of AJl^ 

* P Weiga and R Forrer, Ann de Phys 5, 15S, 1926 

t H H Potter, Roy Soc Proc A, 146, 362, 19J4 
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Now from the slopes of these lines of ^ T against taken 
at the origin we obtain AjPjAT for ^ = 0, which, combined 
with the appropriate values of jj'ST, obtained as described 
below, enables us to calculate Cjf by substitution m equa- 
tion(182) The values of Cj^so obtained agree as well as could 
be expected with those from direct determinations, in view of 
the fact that the calculated values depend on the slopes of two 
separate graphs The calculated values of as we realise 
from Fig 82, show a sharp maximum as 6f is approached 



Magnetocalonc Detemiinaliojis of Iht Weisa Constant We 
have seen that in Weiss and Forrer’s experiments the magneto- 
caloric change in temperature AT and the value of j. were 
measured at the same time, when the specimen of nickel was 
pulled inside a pole piece In Potter’s experiments, when a 
field was switched on, A T was measured as described above, 
and the value ^ was found as indicated on p 262, except 
that when T was greater than Of the values of j, had to be 
measured separately, to determme by extrapolation the true 
value of CTj^ ^ to which a known rise in temperature AT 
corresponded 

The curves obtained were m good agreement with theory 
Some of Potter’s curves showing id T as a function of j, are 
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reproduced m Tig 83 Apart from the distinct “flat feet”, 
there is no doubt that at temperatures below 6f and with 
strong fields we get a senes of parallel hnes, whose common 
slope should give vpl2JC„ At temperatures above but close 

to Of the slope of the individual line should be {vp + l/x) 

2t\j 0 p. 

and the hnes should remain almost parallel The hnes showed 
increasing slope with increase iti(T — Of), but, as we shall see on 
p 282, this does not necessanly mean that these experiments 
prove that vp is a function of temperature when T>0f 

The “flat feet” of the curves of Fig 83 can be explained if 
the true value of j. is not measured in all circumstances, 
or if in weaker fields the domain vectors are not accurately 
aligned parallel to 3^, so that a magnetocalonc temperature 
change is recorded before the apparent magnetisation of the 
specimen has reached the value rip y In a way, this is merely 
another mode of stating that hysteresis effects are playmg a 
small part 

The Law of Corresponding States From the data given by 
curves such as those of Fig 83 and a knowledge of cr„ „ we may 
tabulate the values ofo-p y/o-a, „ with the corresponding values 
of TjOf for a number of ferromagnetics and so obtain further 
information of the correctness of the law of corresponding 
states, p 236 The new data are particularly important when 
T approaches Of, for we saw on p 261 that in this region the 
values of cTp y obtained by extrapolation from tr jf, y are some- 
what uncertain The collected results are shown m Fig 84, 
where the broken curve represents the theoretical curve, 
already discussed on p 265, for magnetic carriers with J = \ 

If the experimental results are correct, then it is clear that 
the law of corresponding states is not obeyed, since there is 
such a large difference between the curves for iron and nickel 
It IS doubtful, however, whether on the present data we are 
justified in forming this conclusion, it would appear desirable 
to repeat the measurements with a nickel single crystal using 
Potter’s method The discrepancy between the experimental 
results and theory is now somewhat greater than was repre- 
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sented on p 265 In particular, the enlarged picture of the 
behaviour of (Tg i./cr„ „ in the region of given in Fig 846showB 
that the experimental curve docs not cut the temjierature 
axis at a definite angle as predicted by the modified Weiss 
theory, but approaches it gradually The “foot” so formed 
varies from specimen to specimen, but as one is found even 
with a single iron crystal, we may conclude that it is not due 
to impurities, or to the several domains possessing shghtly 
different Cuiie points There is, however, one pomt which has 
never been mentioned m this work, as far as the author is 
aware, and that is whether any part is played by temperature 



Fig 84 Law of corre''[iandmR states -- theoretical, © nickel, Weiss and 
Fomr, O Heratjua eloofcrolytu iron, © Hinglt crjatal iron, Armco iron, 
Potter 


hysteresis, i e the ferromagnetic loses its ferromagnetism at 
Of on heating and legaiiis it at a temperature below dj on 
cooling, a phenomenon which occurs in some ferromagnetic 
comjiounds to a very rnaiked degree A veij’ slight tempera- 
ture hysteresis m the neighbourhood of Oj would have a pro- 
found effect on the measurements oi AT 

The ll^eiss Constant and Domain Size We have seen on 
p 251 that by direct experiment we cannot measure the 
true specific magnetisation y of each domain but only 
some apparent value, which we will now denote by cr^ y, 
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because of the effects of domain size We have seen, too, that 
although (T’jf, j, 18 taken to be an exact measure of (Tjp^ y when 
18 greater than 5000 oersteds, we have no proof that this 
assumption is correct, indeed, we shall shortly review evidence 
which shows that it is sometimes seriously in error Values of 
(t'o y are obtained from y curves by extrapolation to the 
value of the specific magnetisation in infinitely small fields 
when T is well below the Curie pomt, again, we have no direct 
proof that (Tq y = Cq y At higher temperatuies, values of 
cr'g y are obtained from magnetocalonc measurements, defimte 
extrapolations being made from values of y obtained in 
strong fields Measurements of the specific heat of a ferro- 
magnetic should, of course, give 

--sShKt)-, 

which should be free of the domain size effect 

The last statement shows that vp may be defined as 

J /dE\ 



where the suffix 0, T is dropped for convemence Now, it is 
known that the quantity vp can be determined from four 
different sets of measurements, and, as Stoner* pomted out, 
the several values ought to agree The value of vp for nickel 
obtained from measurements of the paramagnetic suscepti- 
bihty above 6^, baaed on equation (155), p 234, was 11 7 x 10^, 
that from specific heat measurements was 11 5x10*, that from 
magnetocalonc data varied from 4 3 to 9 8 x 10* over a wide 
temperature range, while the value from saturation atomic 
moment data was 16 x 10* 

Stoner discussed in considerable detail the thermodynamical 

] l‘BE\ 

formulae which enable I to be calculated from the 

vanous sets of experimental data In particular, he showed 

* E C Stoner, Boy Soc Phil Trans A, 235, 165, 1936 
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Soale for 2 
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that this quantity can be calculated from the magnetisation 
data of Weiss and horrer by the use of the equation 






T 


The results of bis calculations are shown in curves la and 1 6 of 
Fig 85 which are based on the cr'^^ ,j, data of Weiss and Forrer 
for = 15,000 and 3^ = 7000 respectively A very marked 
variation of vp with temperature appears to exist, the value 
for vp increasing up to temperatures well above the Curie 
point 

Now, Potter first remarked that a variation of vp with 
temperature appeared to be indicated from Weisa and Forrer’s 
magnetocaloric measurements on nickel, and from the same 
data Stoner obtained curves 2a and 26, which again refer to 
= 15,000 and 3^ = 7000 respectively The two sets of 
curves are clearly of the same general shape, and while the 
magnetooalonc values of vp appear definitely the lower, after 
correction for an error due to the thermal capacity of the 
thermocouple, the values from the two sets of data agiee quite 
closely In both cases, however, the values of vp are greater 
for the higher fields 

In curve 3 of Fig 85 are reproduced the values of vp calcu- 
lated fiom the specific heat data of Lapp and Grew, these 
values depend only upon the rate of change of the spontaneous 
magnetisation d((rQ yl/dlT, whereas the values of curves 1 and 2 
depend directly or indirectly upon the quantity 3((r^ 
and the greater this quantity the smaller the calculated value 
of vp The specific heat results are considerably greater over 
the range 300° to 350° C than those for Jf" = 1 5, 000 in curves 1 
and 2 The conclusions to be drawn from these facts are that 
even m fields as high as 15,000 oersteds the apparent magnetisa- 
tion must differ from the true magnetisation and that the 
discrepancies between the three seta of curves will disappear if 
the change in apparent magnetisation is greater than the 
change in the true magnetisation This behaviour is precisely 
that which would be expected if a small fraction of the ferro- 


magnetic consisted of relatively small domains containing only 
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10“ or 10* atoms, which would behave as a small impurity of 
high atomic moment embedded in the substance, this has been 
discussed on p 250 The effect is unimportant in the deter- 
mination of y with between 5000 and 20,000 The 
direct estimates of cTj y from y curves are not likely to be 
seriously in error, although (dff'jdJ^) may differ considerably 
from (dcISJ^'), the difference between them being the larger 
the smaller the field and relatively smaller the higher the 
temperature T It is important to realise that, although the 
quantity (drrjdj^') has now been proved to be so important, no 
experiments, with the possible exception of those of Gerloff,* 
have been made with the set purpose of recording this parti- 
cular quantity We still have therefore little precise informa- 
tion concerning the variation of vp with temperature 

The Magnetocalonc Effect with Paramagnehcs By evapor- 
ating liquid helium under reduced pressure, temperatures 
down to 0 7° K may be obtained, but if we wish to produce 
still lower temperatures a new method and a new technique 
must be used Debyef and GiauqueJ pointed out that this 
might be provided by the magnetocalonc effect with a para- 
magnetic as working substance, and such remarkable jirogress 
has recently been made that it is now possible to use it in 
lecture-room demonstrations of superconductivity pheno- 
mena § 

Turning to equation ( 182) ol p 273 we have, since y for 
a paramagnetic is equal to CM /T, where C is the Curie con- 
stant, 

T d /Cj^\ dJr_ CjX'd:^ 
~~^~Tt\T ~ ^CfeT~l~ 

for the rise or fall in temperature dT of a paramagnetic 
suddenly placed in or removed from a field Jf" Now, it is 
obvious that when T is very small Cjf will be a function of 
T, and fiom an experimental point of view it is sometimes 
preferable to measure the quantity of heat which has to be 

• G Geiloff, Znt Jur Thys 99, 58,'), 1986 
j- P Debye, Ann def Phyt 81, 1154, 192b 
J W F Giauque, Jovrn Amtr Chew Soc 49, 1864 1927 
§ P Simon, Royal Inshtulxon Proc 1935 Feb 1st Meeting 
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absorbed to enable an adiabatically cooled substance to regain 
its original temperature This is given by 


f jr cjtr c 

C^dT = j^ 

or, if we prefer to consider changes in entropy, we have 


r “i-*' n 

=-| -^-dT = -\ 

L Jo Jo Jo 


c 


(1S7) 


representing the entropy which 1 gm of substance loses if the 
field Jf 18 established while T remains constant 

Now, no substance strictly obeys the Curie law at aU 
temperatures, for, in the absence of an external magnetic field 
the camera would have to set with their axes randomly 
onentated m all directions, and so, even at the absolute zero of 
temperature would still be ui a state of disorder, i e still 
possess entropy, this is contrary to the Nernst heat theorem 
Thus, the Gd+++ ion in gadolinium sulphate, being in a 
state, would possess a zero point entropy of 


R log, (2J + l) = R log, 8 ergs per gm -ion 


Moreover, there must always be some tendency of the earners 
to set m defimte directions because of the interaction between 
neighbouring camera If the interaction energy is denoted by 
U, then, in the region of a characteristic temperatme 6,^, 
defined by = U, deviations from the simple Cuiie law 
would be expected Kurti and Simon* emphasise the im- 
portance of 6^, for. the lower the value of the lower is the 
temperature obtainable by the magnetocaloric method 6^ 
must he lower than 1°K for the substance to be of piactical 
use Fortunately, its value can be found from specific heat 
measurements made at temperatures above 

Simon and Xurti made the tentative assumption that in a 
field the normal {2J + 1 ) positions of the ion are separated by 
equal energy increments so that, bearing m mind the 


N Kurti and F Simon, Roy Roc Proc A, 149, 152, 1935 
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Boltzmann expression, the distribution of the ions in the 
different levels is a function of jkT^ only, as long as the 

initial temperature > 6^ and /igM’ 'p> hO^ On the removal 
of the field 3^ we may assume that the levels are separated by 
and the distribution of the ions in these levels is then a 
function of kd^jkTj alone, where Tf is the final temperature 
reached by the adiabatioally cooled substance Hence, 

T,IT, = kejg/is^ (18S) 

Taking g = 2 for salts of the iron group, T/ = 1 5d^TJJ^, so 
that the final temperature is directly proportional to 6^ and 
ih the lower the lower the initial temperature and the greater 
yf See Chapter xv 

In applying this simjile expression it must be remembered 
that the lattice vibrations are important at low temperatures, 
and that m cases where it is desired to cool non-paramagnetic 
substances by mixing them with paramagnetic ones, the 
entropy of the added substance may be important, particu- 
larly when high fields and very low temperatures are employed. 
The specific heat of the paramagnetic substance is also im- 
portant, since it practically determines the rate at which the 
temperature will rise after cooling In the region of 9^ the 
specific heat shows a marked anomaly because of the energy 
required to transfer the ions to the higher energy levels Thus 
for iron ammonium alum it is calculated that 9^ = 0 061 and 
the maximum value of the specific heat is 1 7 cal per gm -ion 
per deg in the region of 0 08° K Hence, 1 c c , containing 
1/258 gm -ion of this alum at about 0 05°K , has a thermal 
capacity of 0 006 cal per deg , which is about equal to that of 
16 tons of lead at the same temperature or that of 2 kilograms 
of lead at 1°K Such an enormous thermal capacity means 
that the rate of rise of temperature after cooling must be small, 
and shows how essential it is to choose as paramagnetic sub- 
stance one whose 0^ lies m the actual temperature region in 
which experiments are to be made 

Experimental Details The design of apparatus is greatly 
conditioned by the size of the magnet used to produce the field 
and by the method by which the very low temperature of 
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the paramagnetic substance is measured For example, when 
the magnetic susceptibility is measured for the latter purpose, 
the design is much simplified Now, the working substance 
must first be cooled by contact with liquid helium, in such a 
manner that the contact may readily be removed These con- 
ditions are well satisfied when the cooling is done by sur- 
rounding the substance with hehum gas For, if we start with 
a substance at a temperature of 1 ° K and cool it adiabatically 
to 0 3°K , the pressure of the hehum vapour in contact with 
it falls from 0 15 to 7 x 10“i“mm , and the gas therefore con- 
denses on the surface of the substance and so isolates it, the 
substance thus acts very efficiently as its own pump In spite 
of direct contact between the loosely packed substance and 
its container, it is found that the latter does not cool, so that it 
may be kept in jiermanent contact with liquid helium (Soft 
solder is superconducting at these temperatures and must not 
be used ) 

Kurti* found that equation (187) was obeyed in the case of 
gadolinium sulphate over range s of temperature starting from 
4 4° and 2 6° K and with fields up to 10,000 oersteds, and 
he found its specific heat over the range 1 6° to 20° K The 
apparatus used was similar to that of Ruhemann and its 
modus operandi has been described on p 246 A thin german- 
silver calorimeter containing about 0 5 gm of gadolinium 
sulphate was susjiended by a thm-w ailed capillary tube inside 
an evacuated chamber surrounded by liquid hehum The 
caloiimeter contained liehum gas and acted as its own gas 
thermometer, the capillary tube being connected to a mem- 
brane manometer f It was also provided with a mangamn 
heating coil The whole of the above apparatus was contained 
in an evacuated vessel and surrounded by hquid air The 
magnetic field was provided by a coil system S immersed m 
the liquid air The niagnctocalonc changes m temperature 
produced by switching the field on and off were measured by 
the manometer The corresponding changes in entropy were 
found by measuring the thermal capacity of the calorimeter 

* N Kurti, Zeit fur Fhys Chem 20 B, 305, 1933 

f G Kornfcld and E Klinger, Zeit fur Phy3 Chem 4 B, 37, 1929 
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aystem over the same range of temperature usmg the heating 
coil as m a Nernst calorimeter experiment In addition to 
verifying equation (187) Kurti measured the specific heat in a 
field of 1800 oersteds and showed that it obeyed the relation 


t~ ^ a, t ■ 


t)\ 
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and the results agreed with the as- 
sum])tion that = 0 26’ K and 
showed that the sjiecific heat did not 
obey the Debye law at these low 
temperatures, but, after reaching a 
minimum at 5° K , increased rapidly 
with further decrease in teiniierature 

The Production of Very Low Tempe- 
ratures The magneto-caloric effects 
have been used by many workers for 
the production of very low tempera- 
tuies The relevant portions of the 
apparatus used by Kurfi and Simon* 
are shown in Fig BO The tempera- 
ture of the liquid helium container T 
IS lowered to 1 6" K by reducing the 
pressuie above the liquid Liquid 
helium IS also condensed in the tliin- 
wallcd german-silver ri\ostat C by 
means of the tube G The metal 
shield 8 IS soldered to V, so that heat 
losses from C are so small that its 



temperature can be reduced to 1°K Fig bb Appintuaforlowtem 

by connecting a diffusion pump to G P^aturo imeBtigatiom (Kuril 
° r I. and Simon ) 

About 0 3 to 1 gm of the paramag- 
netic IS loosely packed in the vessel B which is attached to C 


*f- N Kurti and F Simon, Hot/ Froc A, 149 152, 1935 See also Very 
Low Temperatures, Book Three, Science Museum, 1937 
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by ground-metal surfaces smeared with tap grease, and hehum 
gas added to it via the tube S The portions of the apparatus 
so far described are enclosed in the evacuated vessel A and 
surrounded by liquid hydrogen 

The susceptibility of the paramagnetic is measured by a 
mutual inductance method The primary and secondary of one 
pair of coils are wound on the brass bobbin Y and these are 
respectively joined in senes with the primary and secondary 
coils of a compensating mutual inductance The deflection of a 
ballistic galvanometer m the secondary circuit when a current 
is sent through the primary measures the susceptibility, which 
at these low temperatures is high When the susceptibility as a 
function of temperature is known, low temperatures can easily 
be road from a graph Such temperatures are denoted by T* 
to indicate that they are not referred to the absolute scale of 
temperature 

To produce a lower temperature, the electromagnet is first 
switched on, there results a considerable rise in temperature of 
the substance, but the heat is speedily cairied away by the 
release of condensed gas, which may take a few seconds to 
complete The magnet is then switched off, the substance 
cools, and, as explained on p 286, the thermal insulation 
becomes extremely good 

With the ariangements of de Haas, Wiersma and Kramers, f 
theimal msulation was much less satisfactory because of the 
weighing method used for measuring the change m suscepti- 
bility They placed the finely jiowdered paramagnetic m a 
vessel suspended by a quartz fibre from one arm of a vacuum 
balance with electromagnetic control The susceptibility was 
measuied by the magnetic pull of a non-uniform field in which 
the substance was placed Thus with a sample of CeFj 
weighing 90 4 mgm the magnetic pull m a non-uniform field of 
2250 oersteds was 41 lumts at the final temperature of 0 19°K , 
caused by a reduction of the field from 27,600 oersteds, and 
119 umts when the initial temperature 1 3° K was regamed 
The following table gives a few of the results of measure- 
ments so far recorded with various paramagnetics 

W J de Haas, E C Wierema and H A Kramers, Phyaica, 13, 176, 1933 
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TABLE XVI 


Suba banco 

r, 


Iff 

T} 

Mean 

Experimenters 

Fe NIIjlSO,), 12H,0 

1 23 

14,100 

0 

0 036 

OObl 

Kurt] and Simon 

MnS 04 (MH 4 )j SO 4 bHjO 

1 23 

B.UOO 

0 

0 U9 

0 11 


Gd BO, §H,0 

1 

5,400 

0 

0 J5 

0 21 


1 50 

8,000 

0 

0 25 

— 

Giauque and 
MacUougall 

K Cr(SO.), 12H,0 

1 14 

6,500 

0 

0 16 

0 095 

Kurt] and Simon 

■■ 

1 30 

19,000 

350 

0 05 

— 

de Haas and 
Wierama 

CeF. 

1 30 

27,600 

650 

0 13 

— 



Applications of Magnetic Cooling As applications of the 
method of magnetic cooling are hkely to be of importance in 
the near future, some description of work already performed 
IS advisable here For example, the arrangements and tech- 
nique of Kurti and Simon have been used m the search for new 
auperconductmg metals By usmg a pill of powdered salt and 
powdered metal both are cooled by demagnetising the salt, 
and tests for superconductivity can be applied The contri- 
bution of the metal to the magnetic susceptibility of the pill is 
negligible until a superconducting state is established, when 
the persistent currents induced in the metal cause it to behave 
as a strongly diamagnetic substance, producing a change in the 
susceptibility of the pill from a positive to a negative value 
Now, when a superconducting metal is heated the tempera- 
ture at which its distinctive properties disappear is deteimiiied 
by the magnitude of the field At every temperature there is 
a certain mimmum or threshold value of the magnetic field 
which renders superconduction impossible Hence, two sepa- 
rate sets of experiments are earned out w ith the pill First, the 
temperature of the cooled pill is allowed to rise while magnetic 
measurements are made with a moderate field, and, secondly, 
the procedure is repeated with a weak field In the latter case 
superconductivity is free to show itself and is detected by the 
change m susceptibility Unfortunately the thermal effects 
associated with the passage of the metal from one conductivity 
state to the other, and the existence of a somewhat indeter- 
mmate field owing to the presence of the salt in the pill, make 
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quantitative measurementB uncertain However, use can be 
made of the residual magnetic moment which persists m a 
superconductor on removal of a field greater than the threshold 
value, for it vanishes at the normal transition point at which 
superconduction ceases in zero field When a small known 
field IS switched on, the galvanometer deflection depends upon 
whether or no the field coincides in direction with the residual 
moment, so that galvanometer deflections obtained by a first 
and a second switching on of the field differ at temperatures 
below the transition pomt In the last experiments a packed 
tube rather than a pill should be used, as very pure super- 
conductors do not retain residual momenta when in a highly 
compact form By such means cadmium, zirconium and 
hafnium were found to be superconductors 

Another important application consists m the measurement 
of the energy changes associated w'lth radioactive transforma- 
tions, which, on account of their minuteness, have been 
measured directly in but few cases The ap])aratus of Kurti 
and Simon provides an extremely sensitive calorimeter For 
examjile, the thermal capacity of a calorimeter made of 
tungsten, whose Debye characteristic temperature is above 
330° K , IS about 30,000 times less at 1 3° K than its value at 
room temperature, and its thermal insulation at still lower 
temperatures is ideal Hence it should be possible to use a 
composite pill of paramagnetic salt and tungsten when cooled 
by the magnetocaloric method to measure the energy of 
y-rays received from a radon source of strength 0 1 millicurie 
placed 3 cm from the jiill Alternatively, the eneigy of the 
absorbed y-rays could be used to examine the variation of 
the specific heat of a substance at low temperatures So far, 
experiments have only been made with the w orking substance, 
iron-ammonium sulphate, without the addition of other 
material like tungsten 

The Temperalure Scale below 1° K We have seen how 
values of low temperatures computed on the assumption that 
the Cune law holds below 1° K are denoted by T*, because 
the law cannot be expected to hold m this region, for, the 


290 



THE AHSOLtrTB TEMPBBATURB SCALE 

splitting produced by the crystalline field is here of the same 
magnitude as kT, and, m addition, the purely magnetic 
coupling of the ions plays an important part The expression 

3 ^ — I for the field within a spherical cavity is inadequate 

when we consider magnetic dipoles, and Onsagerf and Van 
VleckJ have shown that it must be replaced by a more com- 
plicated expression When a dipole is placed in the spherical 
cavity it polarises the surroundmg medium, and sets up a 
reaction field parallel to the dipole axis and not, m general, 
parallel to the hnes of induction outside Hebb and Purcell § 
distinguish between three types of salts viz (1) salts like 
Gd (CgH4N02 803)3 7H2O and Gd (PM0J2O4Q) SOHjOmwhich 
the magnetic lous are so far apart that only splitting due to 
crystalline fields need be considered , (2) salts like Cs Ti(S0j)2 
I2H2O where crystalline splitting is very small, as the Ti+++ ion 
is m a state with no orbital angular momentum upon which 
the field can act, so that only magnetic or spin-spm coupling 
need he considered, ( 3 ) salts like Gdj (804)3 SHjO in which 
the ions are close enough to require both crystalline splitting 
and magnetic coupling to be considered Hebb and Purcell 
examined all these cases and calculated the departures from 
the Curie law at temperatures below 1° K , and compared the 
T* temperatures with the Kelvin scale 

The experimental data are at present very meagre Kurti, 
Lame and Simon|l woiked with Fc NH4(S04)2 I2H2O and 
measured the rate of change of its entropy and the rate of 
change of its total heat Q with respect to T* usmg y-rays as a 
source of heat, as described on the opposite page This enabled 
them to determine the absolute temjierature from the equa- 
tion T = (dQldT*)jf,/{dS/e)T*)jf, They found, m addition to the 
specific heat anoifialy described on p 285 , that a much sharper 
maximum of 20 cal per gm ion per deg occurred at 0 03 ° K 
The former anomaly is attributed to crystalhne sphttmg and 
the latter to magnetic coupling, and it is suggested that it 

f L Onsager, Joum Amer Chem Soc S8, 1486, 1936 
} J H Van Vleck, Journ Chem Phys 6, 320 1938 
§ M H Hebb and E M Purcell, Joum Chem Fhys 5, 33S, 1938 
II N Kurti, F Lam6 and F Simon, Compi Rend 204, 675 and 764, 1938 
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portrays a kind of ferromagnetism Giauque andMacDougallj" 
found the susceptibility of Gd (PMojjOjq) SOHjO by several 
methods, notably by self-inductance measurements with an 
Anderson bridge, and considered that their T* value was only 
some 0 03° less than the absolute value at 0 15° K The results 
of Casimir, de Haas and de Klerk for KCr(804)2 I 2 H 2 O 
showed that above 0 07° K the relation between T and T* 
was reliable to within 0 01°K The lowest temperature on 
record IS T* = 0 0043 or T = 0 0034, obtained J with a mixture 
of potassium chrome alum and potassium aluminium alum 

The, Electrical Resistance of a Ferromagnetic The changes 
of resistance which a normal metal exhibits when placed in a 
magnetic field, usually with the direction of the current in the 
metal parallel to the field, have been very thoioughly investi- 
gated by several workers with fields up to 50,000 oersteds, and 
by Kapitza§ with fields up to 300,000 Leaving aside abnormal 
metals, bismuth, antimony, arsenic and the ferromagnetic 
metals, the results for different elements aie very similar If 
R IS the resistance of the metal in zero field at a given tempera- 
ture and AR the increase caused by the application of a 
magnetic field it is found that the ratio ARjR increases 
proportionally to for comparatively low values, but pro- 
portionally to Jf" for high values of the field Sometimes the 
ratio ARjRg is used, where is the resistance in zero field at 
0° C , for some workers consider that the latter ratio is less 
dependent upon the purity of the metal specimen than the 
former 

Now it has been known for some years that the resistance of 
mckel in the absence of a magnetic field in ci eases in a peculiar 
manner with rise in temperature Thus, Cabrera and Torro]a|| 
and, later, Gerlach and Scbneiderhan^ showed th at in addition 
to the change which comprises the more or less linear increase 
of resistance of a normal metal with rise m temperature there is 

t W F Giauque and D P MacDougall, Journ Amer Chtm Soc 60, 376, 
193S 

J W J de Haas and E C Wierema, Phystca, 2, 335 and 438, 1935 

§ P Kapitza, Roy Soc Proc A 119, 358 and 401 19JH, 123, 292, 1929 

II B Cabrera and J Terroja, Ann de la Soc Eipan 11, 443 and 525, 1913 

^ W Gerldch and K Schneiderhan, Ann der Phys 6, 772, 1930 
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a change which is occasioned by the magnetic state of the 
nickel, 1 e hy its spontaneous magnetisation For example, 
at very high and very low temperatures where the rate of 
change of the spontaneous magnetisation with temperature is 
small, there is almost a normal linear change of resistance with 
temperature, but, in the neighbourhood of the ferromagnetic 
Curie point, where the spontaneous magnetisation varies 
rapidly, marked changes occur Borelius* has shown that these 
changes may be represented by the equation 

-By = (.B,Y)y + C(7|, /jj y), 

where .By is the observed value of the resistivity at T" K , 
(Bj\,)y the resistance of a normal metal at that temperature, 
/„ „ and /„ y the spontaneous magnetisation (per c c ) at 0 and 
T° K respectively, and c is a constant It follows that the 
temperature coefticieiit of resistance of a ferromagnetic may 
be considered as made up of the normal temperature coefficient 
and a coefficient proportional to the rate of change of the 
energy of spontaneous magnetisation per c o , but other 
effects depending on the presence of impurities will un- 
doubtedly complicate matters 

As y IS increased when the ferromagnetic is placed m a 
strong magnetic field, particularly in the region of the ferro- 
magnetic (June point, we should expect corresponding changes 
of resistance This jihciiomenon has been investigated by 
Gerlach, Englert,| Potter, J iScharlf§ and others Iron and 
nickel at room temperatures are found to show an increase m 
resistance in a longitudinal field and a decrease in a transverse 
field In the neighbouihood of the ferromagnetic Curie pomt 
decreases are observed in both longitudinal and transverse 
fields Hcusler alloy shows decreases m both fields even at 
room temperature Gerlach explains the difference m be- 
haviour at high and low temperatures of iron and mckel on 
the assumption that two distinct processes contribute to the 
change in Ijf y caused by the field, namely reversals and 

• G -UoreliuH, Ann d&r Phy\ S, J&2, IMJl 
t E Enplerfc, Ann der Fhys 14 , 589, 1932 

J H H Potter, Roy Soc Froc A, 132 , 5li0, 1931, Phil Mag 13 , 233, 1932 
§ Gertrud Scharff, Ztii fdr Phya 97 , 73, lUn 
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onentation procesaes A contribution produced by reversal of 
the magnetic vector in a magnetic domain through 180° is 
comparatively small and causes a decrease, while the effect 
of onentation or tirrnmg of the vector (or extension of its 
boundary on the Becker hypothesis) is rather large and causes 
an increase in resistance in longitudinal fields Orientation pro- 
cesses are very important at low temperatures Fortunately, 
the phenomena are much simplified at temperatures in the 
immediate vicinity of the ferromagnetic Cnne point, where, 
for the substances so far investigated, the same decrease in 
resistance is obtained for a given held applied longitudinally 
or transversely 

Potter first recognised that the resistance changes near the 
Cune point could be correlated with rnagnetocaloric effects, 
and he measured the ratio and the quantity of heat 

CjfAT corresponding to the establishment or removal of a 
field for iron, nickel and Heusler alloy The wire was wound 
on a thin quartz sheet and its free ends used as potential leads, 
while current was supplied tlirough two stout copper leads 
pinched on to the wire, these leads also acted as supports A 
calibrated thormojuncLion was used to measure the tempera- 
ture of the wire system, which, to prevent oxidation and main- 
tain steady conditions was placed inside an evacuated quartz 
tube The latter was mounted inside a long electric furnace 
with thick copper core, and set vertically between the poles of 
an electromagnet A ground joint in the tube allowed the wire 
system to be adjusted with the wire parallel or perpendicular 
to the field 

Clearly, the whole of the wire in such a winding cannot be 
set parallel to the field, but correction can readily be applied 
for those portions perpendicular theieto, and, m any case, 
with experiments at temperatures near 0/ it can be neglected 
The mam source of error lies in the value assumed for the 
demagnetisation factor of the specimen, for the effect is 
considerable even at temperatures near Of The magneto- 
caloric changes AT m ere not measured with the wire specimen 
but with a sohd specimen, this is unfortunate, for the purity of 
the Individual specimens has great effect on the results The 
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values of were obtained from Klmkhardt’s work, p 269 
On plotting ARjR and C^AT against the corresponding 
values of T/d^for p field of 7000 oersteds, the two curves bemg 
made to coincide at their maxima, very good agreement 
between the resistance and magnetocaloric curves was 
obtained over the range TI0^= 0 99 to 1 07 in the case of iron 
and Heusler alloy, and over an ev'en wider range in the case of 
nickel The maximum values of ARjR, C,^AT and their ratio 
with = 7000 were found for iron, nickel and Heusler alloy, 
the ratio differs considerably for the three substances, but it 
increases as Of increases 

An mteresting point arises when a very close study of the 
resistance changes in pure nickel with rise m temperature is 
made in zero field S vensson* has shown that at dj a very sharp 
discontinuity is recorded in the lesistance with temperature 
curve, a finding confiimed by Potter f Yet we know from 
specific-heat measurements that the energy associated with 
ferromagnetism does not suddenly disappear at Of but “tails 
off” This can readily be explamed as another domain size 
effect The mean free path of an electron at the Curie point is 
about 20 times the interatomic distance, so that with a break- 
down of the larger domains, the resistance which depends on 
long-distance order or auperlattice structure of the atoms shows 
a sudden change If, when the larger domains have broken 
down, spin interaction still persists in the smaller domains or 
regions of ahort-diatance order, then magnetic energy still 
remains and we get the “tail” shown m specific-heat and 
(Tq j,, TjOf curves Bragg and WilhamsJ in their studies of 
atomic arrangement in alloys emphasise that the average 
orientation of electron spins m a ferromagnetic corresponds to 
the degree of ordered arrangement in an alloy, and that the 
critical temperature above which the atoms in an alloy are 
arranged m a completely random manner, and below which 
ordei or superlattice exists, corresponds to Of 

The Thermoelectric Properties of Ferromagnetics It has 

* B Svensson, Ann der Phys 22, 97, 1936 

t H H Potter, Nature, 139, 411, 1937 

t W L Bragg and E J WiUiams, iJoy Soc Proc 145, b99, 1934, 151, 640, 
1935, 152, 231, 1935 
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long been known that the thermoelectric properties of some 
ferromagnetics exhibit anomalies in the regions of their 
ferromagnetic Cune points, and they excited much interest 
when Dorfman and Jaanus* suggested that the variation of 
the Thomson coefficient of a ferromagnetic represented the 
behaviour of its specific heat in zero external field, provided 
that the ferromagnetism was mainly, if not entirely, due to 
free or conduction electrons This view, however, cannot now 
be maintained Dorfman and Jaanus measured the thermo- 
electric power of nickel between 0 and 400° C , find found that 
in the neighbourhood of Of there was a sudden change in the 
value ofeT{d^EjdT^) The latter expression represents the heat 
absorbed when an electron with charge e is taken from one 
point in the metal to another at a temperature 1° higher, the 
expression T (d^EjdT^) represents, of course, the Thomson 
coefficient 

The observed effects were shown to be of the order of 
magnitude predicted by the theory, but they were opposite in 
sign A similar result was obtamedf in the case of iron, and 
Bates J showed that in the case of manganese arsenide the sign 
of the observed effect depended on the amount of free arsenic 
or im]iurity present, and that pure specimens appeared to give 
the sign required by theory The expeiimental procedure con- 
sisted in measuring the thermoelectnc e M F , AE, between 
two ends of a metal rod or wire which were maintained at 
temperatures T and T-t-zlT respectively, a neutral metal 
such as cojijier being used to complete the thermoelectric 
circuit In this way were obtained data for the graph of 
AElAT against T, from which values of T [d^EjdT^) could be 
found In view, however, ol the fact that such experiments 
have not, so far, given results of theoretical importance, and 
ap])ear to be markedly influenced by secondary phenomena, 
further details will not be given here An example of secondary 
phenomena is provided by Foster’s§ measurements of the 

* .1 Dorfniiin .mil H Jiiinus, Zeit fur Pkys 64, 277, 

t 1 Dorfman, H, Jaanua, K Gnporow and M Czermchowaki, Zeit fur Phya 
70 7‘)b V)\] 

J L F lUh Phil )Iag 13 393, 1932 

§ A W Foster, Phil Mag 18, 470, 1934 
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thermoelectric power of nickel and of two alloys of nickel 
containing 1 and 2 per cent of chromium The Curie point 
changes m the Thomson coefficient shown by these alloys are 
respectively 30 and 10 per cent of those exhibited by pure 
nickel 
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MAGNETOSTRICTION 

Introduction It has long been known that ferromagnetics 
exhibit magnetostriction or changes in dimensions when exposed 
to a magnetic field, but real progress in the interpretation of 
the experimental data has only been made within the last few 
years The more important phenomena are usually, for con- 
venience, treated under two headings, viz the production 
of mechanical stiains by magnetic fields and the production 
of magnetic changes by mechanical stresses Under the first 
heading we treat the longitudinal and transverse Joule effects 
or the changes in the hnear dimensions of a ferromagnetic 
which result when a magnetic field is ajiiilied along a specified 
direction, e g along the axis of a rod We also treat the 
Gmlhmin e ffect, or the bending which a ferromagnetic exhibits 
when exposed to a magnetic field In addition, we have the 
twisting of a ferromagnetic under the combined action of 
circular and longitudinal fields, known as the Wiedemann 
effect, and, further, the volume changes and the changes in 
Young’s modulus and m the rigidity and bulk moduli which 
acc onipany magnetisation 

Under the second heading we deal with the changes in 
magnetic induction caused by longitudinal and transverse 
mechanical stresses of meehamcal origin, known respectively 
as the longitudinal and tiansvorse ViUari effects Here, too, 
we consider the changes m magnetic induction produced by 
bending, torsion or hydrostatic pressure Besides the phe- 
nomena listed under the above headings there are others which 
must be studied in conjunction with them, as, for example, 
the discontinuous changes m magnetisation known as the 
Barkhausen efiect 

The Joule Effect It is well to reahse at the outset that 
precision measurements in magnetostriction are only possible 
with pure materials, carefully annealed and free from the 
effects of cold working The maximum changes of length which 
accompany technical saturation of ferromagnetics are merely 
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some B x 10“® times the oiiginallength, and, consequently, can 
only be measured if adequately magnified by mechanical or 
optical devices Special difficulties accompany the measure- 
ments, and these may be appreciated by considering the 
interferometer method of measurement used by Lochner* and 
by Stevensf for the longitudinal Joule effect 



Fig 97 Measurement of longitudinal IouJb effect by 
Michclson uxtcrforometer 

The rod specimen A lies wholly within the magnetising 
solenoid k*?, Fig 87, brass extension pieces £B' enabling the 
system to be clamped at C, and supported at C\ The mirror M 
of the Michelson interferometei is mounted at the end of B', 
so that when A is magnetised and it expands or contracts, the 
interference fringe system moves across the field of view and 
the change m dimensions is thus known from the fringe shift 
The specimen must be in a unifoim field and the demagnetising 
factor must be small, hence S should be as long as possible 
The temperature of the specimen and extension pieces must be 
kept constant, and S must therefore be wound on a water- 
cooled former If A is not placed symmetrically with respect 
to the solenoid field, magnetic forces will tend to displace it 
parallel to the axis and thus cause it to be strained If the 
horizontal component of the earth’s field is not neutrahsed 
S must be set perpendiculai to the magnetic meridian 

Optical leversj are frequently employed in conjunction with 
mechanical levers In a form used by Williams, § shown in 
Fig 88, the specimen is mounted vertically, and as it expands 

* S J Lochner, Phil Mag 36 408 1893 

■f J S iStr^ens, Fhys Re,\ 7, 10, IH'JH 

J See A F Pollard, Joi/t-k Scieni Imlr IS, 37, ] 938, and B H C MLitbews. 
ihid 16, 124, 1939 

§ S R Willia-ma, Journ Oft Soc Am^r 14, SH*), 1927 
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or contracts it causes a lever L to fall or nse respectively To 
the far end of L is attached a fine phosphor bronze strip, which 
IS wound upon a narrow roller and weighted The longer L and 
the narrower the roller, the greater 
is the motion of the strip and the 
greater the rotation of the mirror 
m When levers are employed they 
should be arranged, as in the above 
example, perpendicular to the axis 
of the specimen, so that errors due 
to temperature fluctuations in the 
lever system are a minimum Allow- 

. , - Fig 89 Optiiil It vcr for Joule 

ance has to be made in these expen- effect (Williams ) 

ments for demagnetisation due to 

free poles This can of course be avoided by using a nng 
specimen and measuring the magnetostnctive change in 
diameter of the ring by an ojitvcal lever system * * * § 

Lloydf has described a high frequency method of measure- 
ment which has given satisfactory results with short poly- 
crystallme materials, and which could clearly be used with 
single crystals Handley J has adapted the method for use with 
cold drawn wires, and Fricke§ has used a similar method for 
measurements of the transverse effect The magnetostriction 
change of dimensions is used to produce a change in the 
capacity of a parallel plate condenser forming part of an 
oscillatoiy circuit, as in the Whiddingtonlj ultramicrometer 
The combination note formed with a standard oscillator whose 
frequency can be accurately adjusted is picked up by an 
amplifier-detector unit and comjiared with the frequency of a 
valve-mamtained tuning-fork Changes in capacity in the first 
circuit can thus be readily detected and measured accurately, 
the calibration being made by displacmg one condenser plate 
through a known distance 

* ('f Shelfnrd Bidwnll, Ray Soc Phil Trans A, p 205, 1888 

I H Lloyd, Journ Rcient Jnifr 6, 81, 192*1 Soe aijo W Alexander and J 
Swftffield, Reama Journ 41, 99, 1937 

J J H Handley, Journ. Scuni inatr 6, 84, 1929 

§ W Fri(ke, Zeit Jut Phya 80, 324, 1933 

II K Whiddington, Phil Mag 40, 634, 1920 
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MEASUBEMEKTS WITH SIHOLE CRYSTALS 

The, Joule Effect with Single Cryatala Measurements with 
smgle crystals are complicated by the smallness of the 
specimens normally available The apparatus used by Honda 
and Masiyama* is shown in Fig 89 o, b, deahng respectively 
with the longitudinal and the transverse effects In the former 
the ellipsoidal-shaped crystal C is placed upon a support A 
and placed inside a solenoid S A quartz tube T passes over a 
roller R, and to its ends are connected the metal attachments 



Fiff 89 Honda and Maaiyama’s apparatus for Joule efforts 
with single crystals 

Jlfj and Ml, and two springs S, cause Mj to press the crystal 
against its support Between and the metal surface is 
a very narrow roller to which the mirror m is attached As C 
expands or contracts, m rotates and deflects a beam of light 
whose displacement is measured with a micrometer eyepiece 
In investigating transverse effects, i e the changes in dimen- 
sions which take place at right angles to the apphed magnetic 
field, a spring at P presses a brass attachment H against the 
crystal G When the latter expands or contracts laterally, U 
18 forced outwards and the metal block B moves sideways, 
causing a fine roller carrying the mirror m to rotate 

The variation of the longitudinal Joule effects of typical 
polycrystallme specimens with the applied field is shown in 
Fig 90, while typical results for single crystal specimens of 
iron are shown in Fig 91 The effect is termed positive when 

• K Honda and Y Masiyama, Sc\, Reports TOhoku, 15, 755, 1926 and 20, 
574, 1931 See also D Kirkham, Phys Rev 52, 1102, 1937 
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Pig 00 Loogitudinal .loule effect for polycrjstalline znetals 
as function of field 



Fig 01 Joule elfecbe m iron single crystals (Honda and Masiyama ) 
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MEASUREMENTS WITH BISMUTH 

an increase m dimensions results on the apphcation of the field 
In the latter cases, the longitudinal strains (AL/L), and the 
transverse strams (ALjL)^ aie of considerable mterest m dis- 
cussmg the changes of volume produced by magnetisation, 
p 308 With single crystals of mckel is negative along 

all directions, the contraction heing greatest along the [lOOJ 
and least along the [111] directions, while (ALjL)^ is always 
positive, being greatest in the [100] and least along the [111] 
duections 

The- Joule Efject with Non-ferromagnet%cs The existence 
of a Joule elfect m non-feriomagnetic substances was first 
proved by Kapitza* using the magnetic balance descnbed on 
p 112 with intense magnetic fields The diaphragm of the 
balance w as attached by means of a quartz connecting rod to 
the top of the metal specimen under examination The lower 
end of the specimen was attached by a quartz tube sur- 
rounding the quartz rod to a massive ring juston which moved 
with considerable friction m oil Consequently, slow changes of 
temperatuie did not produce serious distortions of the balance 
diaphragm, and yet the rapidity with which the magnetic 
field was applied meant that the lower end of the specimen was 
rigidly fixed for the purposes of the experiment The extenso- 
meter so constructed was capable of measuring changes in 
length down to K)-' cm in a short interval of time, it had to be 
cahbrated by a siiecial method Kapitza defimtel y established 
the Joule effect m bismuth, antimony, graphite and galhum 
and considered that it probably existed in the cases of tin and 
tungsten 

Wolf and Goetzf were able to make measurements with pure 
and alloyed bismuth crystals, using a steady magnetic field of 
28,000 oersteds produced by a 500 K-watt solenoid consisting 
of two coaxial coils of heavy copper tape The actual apparatus 
was of compheated design, but the simple principle upon which 
it worked may be seen from Fig 92 The bismuth crystal Bi 
changed its length relatively to that of a neutral material N 
and so rotated the mm or M, causing a beam of light to fall 

* P Kapitza, Soc Ptoc A, 135 , 556, 1932 

t A Wolf and A Goet? Phya Rev 46, 1095, 1934 
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upon a Moll thermo-relay Th, which is a difierential thermo- 
couple of constantan C between copper ribbons Cu of low 
thermal capacity, mounted mside an evacuated glass bulb 
The bulb was mounted on a micrometer stage and adjusted so 
that in the zero position the light from M heated each junction 
equally and no current flowed through the galvanometer 0 , 
but when M was rotated slightly the junctions were unequally 
heated and a current flowed A motion of the spot of hght by 



Fiij 02 Apparntug of Wolf and Goet? for Joule effect m biamuth 

about 0 0007 mm gave a galvanometer deflection ol 1 mm 
The deflections were recorded photographically, and were 
calibrated by raising the tempeiature of the crystal about 
0 2“ C 

The need for such large magnification arises because the 
magnetostriction of bismuth in a field of 25,000 oersteds is 
still about 100 times .smaller than that of nickel in a moderate 
field Wolf and Goetz obtained results in good agreement with 
tlio.se obtained by Kapitza for pure crystals of bismuth Itwas 
found that the magnetostriction was positive in a direction 
parallel to the tiigonal axis of bismuth and negative at right 
angles thereto, the magnetostriction equations being respec- 
tively (Aljl) = const and (Mjl) = const the 

con.stant depending on the crystal orientation The effects of 
certain imimnties were considerable, e g about 0 4 per cent 
of tin or 2 per cent of lead reduced the magnetostriction per- 
pendicular to the tiigonal axis to zero, and greater quantities 
of these substances reversed its sign 
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THBOKY OF MAGNETO3THICTI0N PROCESSES 

Becker’s Theory of Magnetostrxclxon Processes Becker* 
has given an interesting picture of the behaviour of a ferro- 
magnetic in the region of technical saturation He supposes 
that the Weiss domains are magnetised almost to saturation 
when T Of Then, assuming the total energy associated with 
a dis torted dipole lattice in the presence of an applied held to 
be made up of the internal magnetic energy of the lattice, the 
energy stored in the elastic deformation and the potential 
energy of the domains in the applied field, the /, curve can 
be obtained from the condition that the total energy shall be a 
minimum, and fairly satisfactory, though qualitative, pictures 
of techmcal hysteresis and saturation processes are thus 
provided Ceitam aspects of the theory were considered m 
Chapter iv 

From the fact that when a nickel wire is magnetised 
longitudinally it invariably shortens, Becker deduced that 
under the simultaneous influence of a severe longitudinal stress 
F and a longitudinal field,?? it should be magnetised with the 
magnetic vectors making an angle of average value 0 with the 
axis of the wire given by 

( 18 b) 

where is the techmcal saturation intensity of magnetisation 
and A(, , IS the experimental value of the contraction jier unit 
length when saturated Under these conditions the intensity of 
magnetisation parallel to the axis of the wire is 

where O is a constant It follows from (189) that under very 
severe tension a mckel wire must be magnetised perpendi- 
cularly to its axis since cos 0 = 0, and from ( 1 90) that technical 
saturation should be obtained in a held 

* K Becker, Zeit fur Phys 62, 253, 1930,64, 660, 1930 
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Becker and Keisten investigated the magnetisation of a 
nickel wire under tension by a method used by Preisach * The 
wire was mounted vertically inside a long solenoid Its middle 
portion was surrounded by an induction solenoid connected to 
a ballistic galvanometer The ends of the wire were held in 
brass clamps, one being diiectly attached to a sti ong aluminium 
frame, and the other attached via a calibrated spring balance 
to the usual spmdle and nut strctchmg device The longi- 
tudinal magnetisation was measured by the ballistic method, 
and equation (190) was verified 
Kirchnerf investigated the effects of tension, pressure and 
torsion on the longitudinal magiietostiiction of a nickel wire 
using a comparative ultraimciometer method He proved 
that for nickel the magnetostnctive conti action per unit 
length under a tension F, and infields of sufhcient intensity, 
Aji’ obeyed a law of the form A;p = — nhcie f is a 

constant Under increasing piessure the magnetostiiction of 
nickel decreased slowly towards, zero , and under inn easing 
torsion itreached a limiting value of about U 72 A „ „ and, again, 
for laige torques obeyed a law A, = C'{P— If) 

From the expeiinicntal verification of equation (190) it 
follows from thermodynamic arguments that tlie saturation 
magnetostnctive contraction A;, , of a nickel wiie under 
longitudinal tension F and held /f, is given by 

Xp^=C/lf^;2F (191) 

Equation (191) may be rewritten as C' = /“'2Ajp j Now, 
Becker and Kersten found that C = /5/3A„ ,, hence it follows 
that Aj. j = |Ao „ oi , the saturation magnetostnctive contrac- 
tion of a nil kel ivire under severe tension is exactly 50 jier cent 
greater than that of an unstretched wiie, a jirediction, 
verified by Becker and Kersten and by Kirchner, which it 
would be difficult to comprehend except in terms of the Weiss 
domain theory 

We see th.at for the iinraagnetised, unstretclied wire 
cos^fi,) = j, since the magnetic vectors are oiientated in aU 

* F IVei'iiich, .47171 der Pkya 3 7 J7, 19J') 
t H Ikirctner, der Phya 27, 49, 1936 
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possible directions, wbile for saturation cos^S, = 1 Now, 
from Kirchnei’s experimental results, A.^. , is proportional to 
(1^— Ip), and we have 

Ap g = a(cos^0, — cos^ffp) = a(l — 0) = a, 

= a(cos2 6(,-coa=(9o) = a(l-t) = fa, 

where a is a constant, so that therefore \p » = x, End we 
have a ready intei pretation of the relation deduced by Becker, 
much on the lines of the explanation of the changes of resist- 
ance of nickel in a magnetic field In the case of torsion we 
must assume that the vectors set at an angle of 45° to the axis, 
BO that cos -01 = j, wo have then 

^i,s = oc(cos^0,-eo3^0,) = a(l-'^) = a/2, 

A(j^ , = 

whence A, , = „ while 0 72A„ ^ is found by experiment 

Under heavy pressure ive have A^, , = a(cos^ 05 — cos® 0) = 0, 
le the rnagnetostnction disappears 

Effects of Shape on Magnetostriction It has hitherto been 
assumed that magnetostriction effects are independent of the 
shape of the specimen, but this is not correct Becker* and 
Hayasif have shown that shape is important It is found, for 
exam])le, that the longitudinal Joule effect for an ellipsoid 
should theoretically be greater by a term proportional to 
7® D than for an infinitely long and thin rod, where I is the 
intensity of magnetisation and D the demagnetising factor of 
the ellipsoid Moreover, the volume effect and the transveise 
Joule effect should each be gi eater for the ellipsoid by a term 
proportional to I- D 

KornetzkiJ made measurements wuth a senes of iron elhp- 
soids to check these jiredictions in the case of the longitudinal 
effect Disturbances due to translational forces m non-umform 
fields were difficult to avoid, and fields of 10,000 oersteds were 
produced by currents of short duration m a solenoid which 
was not water-cooled The limits of expenmental error were 

* n Becker, 2eit fur Pht/u B7, <i47, l&St 
t T Zeit fur Phys 72, 177, 1931 

t M Kometzki, Zeii fur Fhys B7, 560, 1933 
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rather large but the theoretical predictions could be regarded 
as confirmed, the value of (d?, Z), being — 3 15x 10“® + 5 per 
cent for a spheie instead of — 7 v 10“® as found for an infinitely 
long rod 

More comprehensive theoretical discussion shows that in 
weak fields, where, as we saw on p 02, I = J^jD, the volume 
magnetostricticm m = (SV jV) is equal to where k' is 

the compressibility of the material, which is a parabolic 
relation between w and M", while in high fields w becomes a 
linear function of There is, of course, a transition region m 
the fjj, 3^ curve between these two cases for fields ol moderate 
intensity 

Volume Changes in Magnetostriction Volume changes 
accompanying magnetisation have been measured by Honda 
and Nagaoka,* Masiyama| and Kornetzki I The specimen 
was m all cases an ellqisoid and nas mounted inside a dilato- 
meter containing boiled water, the changes in volume of the 
ellipsoid were manifested by the motion of the meniscus in a 
capillary tube The dilatomctcr was ]ilaced within a magnet- 
ising solenoid provided with an internal water jacket, and in 
some cases w'as also surrounded by a copper tube 

Kornetzki’s work showed that the curve fell into three 
parts— an initial parabolic portion depending only upon the 
shape of the specimen, a linear portion for fields above that 
required for technical saturation, and a transition portion 
between them With a small value of D, oj may ajqiear to 
decrease with at first, but with a large value of D, o) always 
increased with , in the case of iron sjiecimens 

Auwers§ investigated the w, curves of single crystals of 
iron-nickel alloys and of polycrystalline specimens of iron- 
nickel -cobalt alloys To the case of the single trystals there was 
yiractically no change in volume until technical saturation was 
exceeded when a linear increase m volume occurred, the value 
of dujd^f being independent of the orientation of the crystal 

* K Honda and Nagaoka, Phil Mag 4 , 56, 1902 
t Y Magiyama, AYi Rep TSkoiu, 22 J'JS 103*1 
X M Knrnct/Ui, Zeit fur Phys 87 500, 1933, 98 , 289, 1935 
§ O von Auwera, Phys Zeii 34 , 824, 1934 
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lattice with respect to the field, although the intercept which 
the (i), 2^ curve, when produced, made with the axis be- 
came smaller as the diiection of easiest magnetisation was 
approached The value of doijdJ^ however depended con- 
siderably on the constitution of the crystal 

Th& Weiss Constant and Magnetostriction It is clear that a 
ferromagnetic substance which exhibits volume magnetostric- 
tion must change its magnetisation when it is compressed m 
the presence of an applied field, and that this change must be 
related to the change m volume or in lattice constant produced 
by the compression The question therefore arises as to what 
effect a change m volume may have on the quantity vp of the 
Weiss theory of ferromagnetism If the product vp is dependent 
upon the distance apart of the carrieis in a mateiial, i e upon 
the density p, then the spontaneous magnetisation at a given 
temperature must depend u])on the volume, and, consequently, 

vp ZLi ® 

the paramagnetic Curie point, defined by 6 ~ ~ > niust 

change with pressure Indeed, KornetzKi suggests that this 
explains Steinberger s* observation that a 30 per cent nickel- 
iion alloy loses its ferromagnetic properties when exposed to a 
pressure of 10,000 atmospheres at room temperature 

Now, in Cliapter i in the Curie point 0^ of a substance was 
always measured under atmospheric pressure and no attempt 
was made to maintain the test specimen at constant volume 
If, however, we deliberately keep the volume of a specimen 
constant at some chosen value, say Fj,, the volume normally 
found uiidei atmosplieiic pressure at a temperature T, the 
substance would be expected to lose its ferromagnetism at a 
different temperature to (9^, say (6/y)^ ^ As we are interested in 
vp it will be more convenient to speak of {6)^ and (O)jr^ for 
obvious theoretical reasons We may write 

-(0),.^ dT - dro~’ 

* R L Steinberger, Phyaics,^, 153, 1933 
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which Kometzki* deduces is equal to 


d(i) 1 

3a ^ k' 

SiTjf, ,i,ldT—3a. 


T’ 

k' 


very approximately, where a is the coefticient of linear expan- 
sion and k' la the compresaibihty All the quantities in the last 
expression can be measured and we can therefore find how 

vanes with temperature if we determine a senes of 

u), 3^ curves for different values of T 

Kornetzki earned out measurements of the volume magneto- 
striction of several ellipsoids oi iron and iion-nickel alloys over 
a temperature range 20° to 95° C The dilatometer was placed 
inside an electrical furnace within a Dewar flask enclosed by 
the magnetising solenoid, elaborate temperature control being 
avoided by the use of an automatic recording apparatus which 
simultaneously recorded the volume changes and the applied 
fields The experimental error was of the order of 10 per cent, 
1 9(i'p)i 

but m the case of iron ; — ^ was found practically 

independent of the temperature and equal to 5x10“* per 
degree, which means that the Cune point would be about 
400° C if the iron were demagnetised under the pressure 
necessary to maintain the volume at 400° C the same as that 
under atmospheric pressure at room temperature, unfor- 
tunately the necessary 00,000 atmospheres is not obtainable 


The Villari Effect We have seen that when a ferromagnetic 
body IS magnetised it is stiained Matteucci']' showed that, 
conversely, when a magnetised bar is stiamed its magnetisa- 
tion IS changed Thus, when a weakly magnetised iron bar is 
stretched the magnetisation increases VillariJ later showed 
that the magnetisation of a strongly magnetised iron bar is 
decreased by tension, and showed that for a certam intensity 

* TVT Knmptzki, Zfil furPhys 98,201, 1131 CF R Rmnlnrhnwqki, PAy? Peu 
59, 301, 1141 -I- C MuLLeuici, Compt Rand 24, 301, 1B47 

t E Villari, Ann der Phya 126, B7, 1861 
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THE VILLARI BEEECT 

of magnetisation of the iron there is no change on applying 
tension The change in magnetisation or, more exactly, 
magnetic induction, which accompanies longitudinal stress is 
known as the Viliari effect and the reversal of the sign of the 
effect IS termed the Villari reversal, the point on the I, Jt curve 
where the application of longitudinal stress does not change I 
being called the Villan reversal point The effects wore studied 
by Kelvin* and Ewing| 

It is very instructive to discuss the reciprocal relation which 
exists between the longitudinal Joule and Villari effects We 
may define the constant A of the former by the equation 
p = X where p is the magnetostnctive stress (in dynes per 
sq cm ) produced by a field The mechanical energy stored 
in the mateiial is then ergs per e c , where E is Young’s 

modulus Now this is balanced by the change m magnetic 
energy Therefore 

= p^j2E = X^jf^l2E = 

consequently, 

Bj\TT = ,, = XpjE = Ax (extension per 

unit length produced by p), 

or B = 4rrA x (extension jiei unit length jiroduced by p) 

We see then that the change in induction B irhich accom- 
panies a given longitudinal stiess is connected with the strain 
by the same constant A which connects the stress with the 
applied field yf We shall make use of this result on p 316 

The Wiedemann Effect When a longitudinal and a cir- 
cular magnetic field aie .simultaneously applied to a long rod 
of ferromagnetic niateiial, the icsultant lines of force form 
helices about the axis of the rod, and any change in dimensions 
of the material along the helices causes the rod to twist, this 
phenomenon is called the Wiedemann effect WiedemannJ 
suspended a vertical iron wire and caused it to he acted upon 
by a small vertical magnetic field while at the same time an 

* Lord Ktlvm, Published Papers, 11, 332 

■f J A Ewing, Magnetic Induction »n Iron and other Metals, p 197, 1010 

J W Wiedemann, Elektrizitat, 3, 680, 1883 
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electric current passed along the wire He found that the free 
end of the iron wire twisted in a clockwise direction when 
viewed by an observer looking along the wire in the direction of 
the current flow and in the direction of the lines of force of the 
solenoid, the twist was then said to be positive On reversal of 
either the current or the longitudinal field the direction of the 
twist was reversed He further found that if the longitudinal 
field was gradually increased while the current in the wire was 
maintained constant the twist reached a maximum value in 
fields of some 15 to 36 oersteds, and gradually decreased in 
stronger fields until the twist became zero and eventually 
changed sign 

Clearly, the use of a wire or rod is open to the objection that 
the circular magnetic field pioduced by the current at any point 
in it vanes directly as the distance of the point from the axis of 
the specimen, so that it becomes difficult to compare experi- 
mental results witli those expected on theoretical grounds 
Williams* surmounted this difficulty to some extent by using 
tubular specimens, but it is not always possible to obtain 
ferromagnetic specimens in this form The apparatus used by 
Pidgeon"! IS shown in h'lg ‘l3 
The solenoid S was attached 
to a iigid beam Pj and the speci- 
men WW with its extension 
pieces was susjiended on knife- 
edge supports from a similar but 
mdependent beam The vertical 
component of the earth’s mag- 
netic field was compensated by 
an additional solenoid wound on 
iS, and the specimen was sur- 
rounded by a water-jacket J 

Electrical connections were made , , 

(n) 

through the mercury cups V, and 

- ' Fig 93 Pidgeon’a apparabUB for 

Fg QiTlCl tn0 W^ll^ SpGCllTlBIl TV3.S IvGpt tho W^iixrlpm H.nn effect 

taut by the T^^eiglit F immersed m 

•SR Williams, Amer Joum Sci 36, 555, 1913 
t H A Pidgeon, Phys Rev 13, 200, 1919 
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Oil The optical arrangements are also shown m Fig 93 6 
Light from a Nernst filament JV fell upon the collimator C, m 
whose slit a fine glass fibre was mounted lengthwise, viitually 
to form a double sht The parallel beam issuing from the 
collimator was reflected by a plane mirror M The reflected 
beam was viewed in the travelluig microscope T, and the 
diffraction pattern produced by the double slit served to 
provide accuracy in settmg 


Longitudinal field 



Fig 94 Pidgcon H results for the Wiedemann cCTect, 
circular held consUint 


Some of Pidgeon’s results are shown in Fig 94, they have 
been corrected foi any slight residual tvist observed when, 
after careful demagnetisation, either a longitudinal or a 
circular field alone was apjilied Errors may arise due to im- 
perfect initial demagnetisation, changes in tempeiature pro- 
duced by the heating effects of the cunent, and lack of homo- 
geneity m the specimen In addition to the curves shown, 
other instructive sets may be obtained by plotting the observed 
twist against the current in the specimen for a senes of fixed 
values of the longitudinal held 

Initial Permeability and Magnetostriction We saw on 
p 79 that satisfactory permanent magnet materials were 
those m which severe internal strains were present, and that 
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substances of high permeability had to be as strain-free as 
possible Now, if a substance exhibits magnetostriction, then 
it IS bound to be strained when placed in a magnetic field and 
the strain will tend to oppose the magnetisation, i e the initial 
permeability of the material mil be lowered While thorough 
anneahng will relieve strains produced by working, phase 
changes, etc , it will not relieve magnetostriction strains In 
many oases, however, these can be relieved by annealing 
while the material is m a magnetic field Thus Bozorth and 
Dillmger* showed that when a 65 per cent nickel iron alloy 
was annealed at 650° C in a field of only 10 oersteds, the 
maximum permeability was increased from 20,000 to over 
600,000 

Kerstenf has obtained a relation between the initial 
permeability the technical saturation intensity, the 

saturation Joule magnetostriction (di/Z), and the average 
value of the internal stress viz 

0 0187= 

16 iT=(dZ/ 0 ,A’ 

When the annealing has been peifeftly earned out and only 
magnetostriction stiains remain, then 

rvn.n 0 018/ = 

p,-R{dl,l)„ and 

which gives us a theoietical upper limit for the value of //, It 
IS an important fact that the permalloy of highest initial 
permeability is also that for which the magnetostriction is 
zero, or practically zero, and for which /j,^ is theoretically 
infinite or extiemely large 

Magnetostriction Oscillators Since the application of a 
magnetic field causes ehanges m the dimensions of fcrio- 
magnetic bodies, it is easy to see that, by applying an alter- 
nating magnetic field of appropiiate frequency, a rod of ferro- 
magnetic material may be set into longitudinal vibration m 

* Joj Dillmger and R M Bozorth Fhysics^ 6, 279 and 2B5, 1936 and B M 
Bozorth, Bell Syat Teth Journ l5 19J6 

^ M Kersten, Zetl fur tech Phys 12 , 065, 1931 
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unison with the current producing the field when resonance 
magnetostriction oscillations of considerable amplitude may 
be produced Magnetostriction oscillators were first studied 
by Pierce,* who investigated their possibilities as standards 
of frequency The oscillators')' were generally in the form of 
thin rods Each rod was coupled to an electrical circuit by 
placing it m a solenoid carrying a small alternating current 
superimposed on a steady magnetising current, the rod being 
set into longitudinal resonant vibration in its fundamental 
mode with a node at its centre and antmodes at its ends In 
addition to the demagnetising effects of the poles induced in 
such oscillators, disturbing effects arise because the mechanical 
stress IS greatest at the centre of a rod and zero at its ends 
Hence, the modern oscillator now takes the torm of a closed 
circular ring wound with a uniform toroidal winding As the 
ring vibrates, all parts of it move radially with the same 
amplitude and phase, and when the vibration is excited by the 
passage of an alternating current of suitable fiequency, the 
magnetisation and the mechanical stress do not vary along 
the circumference, although these quantities must vary over 
the cross-section of the nng, because of eddy currents induced 
in it 

Let us suppose that a ring oscillator is rigidly clamped so 
that no motion is ]iossible and that a current of pulsatance w is 
supplied to the wmdmg Then a mechamcal stress 

p = A sm (i)t 

will be set up, where A is a constant repiesenting the dynamical 
Joule magnetostriction effect If we now allow the ring to 
vibrate, this stress may be treated as a motive force and the 
equation of motion takes the conventional form for a system 
vibrating with one degree of freedom If the ring is of mean 
density p, area of cros.s-section A and of material whose 
Young’s modulus is E, then the radial force on an element 
subtendin g an angle at the centre of the rin g is AA sin wt Sd 
Hence, the circumferential stress due to magnetostriction is 

* G W Pierce, Proc Amer Arad Arts and Pet 63, 1, 1928 

t L H Vmoent, Proc Phys Soe 41, 470, 1929 and 43, 157, 1931 
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equivalent to a total force tending to expand the ring equal to 
27r^A^QSin (t)t, and the equation of motion is 

2iTrApx + Lpc + 2TrAExjr = ^tiAXM’^^ sin (192) 

where x, x and x respectively represent the radial acceleration, 
velocity and displacement at any instant t, is a damping 
constant and the last term on the left-hand side represents 
the effect of resistance to extension For steady vibration the 
solution of equation ( 1 92) is 


XnAXJt, 




0)r J 


- sin — e), 
(193) 

and when resonance sets in at 6> = ti>^, then e = 0 and 

„ . 2nA E 

2nrAptii„ = 




(194) 


1 e 2nm„ = V„ 

where V, is the velocity of sound in the ring, and is the 
frequency of the alternating current for resonance 

By differentiating (193) we see that the maximum radial 
velocity at resonance is 27TAAJ^Jlf Now the electro- 
motive force e induced m the winding of N turns by the Villan 
effect IS equal to 

-NA^^ = -NA^ (^) = - irrNA % f-) , 

(It dt\ T j dt\r J’ 

from the relation between I and x discussed on p 311 Hence 
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( 196 ) 
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SO that at resonance the maximum e m f is 


r 


/2jV8„\ 

rki [ r J 


r^k. 




where * „ is the maximum value of the current supplied to the 
coil 

Now from equation (142), p 216, we see that the maximum 
displacement will be half that at resonance at two frequencies 

+ (56), where = 2 Sm prA\IY[3 (196) 


Hence when the resonance is very sharp, we may make a senes 
of determinations of the reactance and resistance of the system 
over a range of known frequencies and so determine Sio and e„ 
whence A can be found 

Smith* measured the reactance of a ring oscillator consisting 
of stampings of 40 per cent mckel-iron alloy, coated with 
paraffin wax and separated by paper rings to prevent eddy 
currents The ring rested in a wooden channel over which two 
toroidal coils were wound, one to carry a direct current and 
the other to form the arm Jf of a Wheatstone bndge system 
Alternating current of adjustable frequency was supplied by a 
valve oscillator, the detector was a sensitive thermionic volt- 
meter connected to the bridge through a tuned transformer, 
and a variable inductance L and resistance K were userl to 
obtain balance Sio was found to correspond to about 25 cycles 
per sec for a resonance frequency of about 15,100 cycles per 
sec 

In the above theory eddy current and hysteresis effects have 
been ignored These, however, play an important part, and 
the reader is referred to a paper by Butterworth and Smith f 
for further information The more complete theory shows that 
a high degree of resonance may be obtained with a ring 
showing small magnetostriction changes provided that the 
permeability and resistivity of the material are large 


* P D Smith, Phys Soc Proc 42, 181, 19J0 
t *S Butterworth and P D Smith, Phya Soc Proc 43, 166, 1931 
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general arrangement is shown in Fig 15 Two magneto- 
striction oscillators, a transmitter and a receiver are fitted 
inside reflectors in aejiarate compartments quite close to one 

• A B Wood, F D Rniith and J A McGcachy, Jaurn It\^ 1 Elejii Eng 76, 
550, 1935 
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another m a ship Theoretically, the same oscillator could 
be used as transmitter and receiver, but there are obvious 
advantages in using eeparate oscillators for the two purposes 
The magnetostriction oscillations of the transmitter are com- 
municated by the reflector to the water m the tranamittmg 
compartment and pass through the hull of the ship to the sea- 
bed m the form of longitudinal compression al waves, whence 
they are reflected and are jucked up by the receiver The 
changes in pressure caused by their imj)act on the receivei 
produce changes in the magnetisation of the ferromagnetic, 
these are amjihfied, and a rectified current is fed to a chemical 
recorder as shown in the figure 

The chemical recoider is worked Lv a spiial dcive, and the 
commencement of the motion is syiichionised with the trans- 
mission of a signal, a small current causing the stylus to make 
a mark on the sensitised paper A straight line or band corre- 
sponding to the senes of tiaiismission signals is traced on the 
paper as show n on the left of the diagram The reflected signal 
is received when the stjlus has moved some shoit distance 
across the papei , and a mark is produced as before Hence for 
each passage of the stylus a mark is made corresiiondiiig to the 
reception of the reflected signal In this way is traced the wavy 
band shown iii the figure, and the distance between the two 
bands is a measure of the depth of the sea bed beneath the 
ship at the time of record, this distance depends, of course, on 
the known rate at winch the stylus is made to traverse the 
paper A relatively simjile tyjie of damyied iinyiulae high- 
frequency transmission can be used, as indirated in the figure, 
or continuous-wave transmission can be emjiloyed In the 
figure IS also shown an auxiliary commutator which produces 
a senes of equidistant dots m the paper, representing known 
depth intervals 

The magnetostriction oscillator most frequently used in 
these devices is made of nickel of ordinary commercial purity, 
chosen because of the large magnetostriction changes m 
relatively weak magnetic helds, simple composition and good 
mechamcal properties, resistance to corrosion by water, and 
because it can be obtained m the form of suitable stampings 
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A nng IS made of stampings insulated from each other by tilms of 
oxide or of insulating varnish to oppose the formation of eddy 
currents The rmg is magnetised by current supplied to a 
toroidal winding A nickel ring of mean diameter 10 cm j 
weighing about 3Kgm , gives a frequency of about 15,900 
cycles per sec The mean diameter fixes the frequency, and the 
radiation damping is settled by the thickness of the oscillator 
The receiver should possess some permanent magnetism 
and this is easily impressed by a large steady current of short 
duration The method of mounting the transmitter is shown 
m the figure, which also shows the type of reflector used to 
impress directional properties upon the radiation On account 
of the high fiequencies employed difli action effects are quite 
small, the transmitter and receiver require no elaborate 
screening and can be fitted quite close together on the ship, 
giving the great advantage that soundings can be taken directly 
beneath the ship The form described above is capable of 
recording depths of 0 to 30 fathoms, which are the depths really 
important m navigation, coirect to about 1 ft of water 

Surface Fields on Ferromagnetics Perhaps the most striking 
evidence for the domain theory of ferromagnetism is jirovided 
by the deposits formed by magnetic powders on the jiolished 
surface of a ferromagnetic Suspensions of rouge, (PcjOj), 
particles about 1/c in diameter in ethyl acetate weie used by 
Bitter,* who obtained the first pictures of the complicated 
patterns into which the particles settled upon the ferro- 
magnetic surface, w hether it was magnetised or unmagnetised 
Akulov and Degtiar| obtained very clear patterns with an 
alcohol suspension of FcjOj, while Becker and FreundlichJ 
used an almost colloidal suspension m propyl alcohol 
McKeehan and Elinore§ and Soller|| used true sols of FejOg m 
very weak KOH solution, these sols did not precipitate on 
iron, but swarms of particles collected in regions where the 

• F Bitter, Pkys Bev 41, 107 1932 
t N Akulov and M Degtiar, Ann der Phys 15, 750, 1932 
J K Beckfrand H F W Freundlich, Zei^ Jut Phya 60,292, 1932 
if L \\ McKeehan and W C Elmore, Phys Rev 46, 226, 1934 
II Th Roller, Zeit fur Phys 106, 485, 1937 
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field was non-uiuform and enabled sharp micro-photographa 
to be made with about 1 min exposure 

The patterns are not formed on non-ferromagnetics and they 
show conclusively that there exist stray magnetic fields between 
adjacent elements of the surface, with fines of force coming out 
of one element and entering another McKeehan and Elmore 
used a smgle crystal sificon iron disc which they magnetised 
perpendicularly to the surface, and their results supported the 
view that the surface was made up of roughly cubical blocks, 
of edge about 2/4, magnetised parallel to the surface either 
along a [100] or along a [110] direction, giving place to fines 
4/4 ajiart when the field is on Othei workers, who used fields 
parallel to the feiromagiietic surface, obtained hues with 
spacings of the order of 40 to 100/4 The spacing appears to be 
more or leas accidental Elmore* spnnkled iron filings on a 
simple model of hardened steel cubes packed cIolSB together to 
form a square surface and showed that a typical maze pattern 
was obtained Polishing appears to play an important part 
in determining the pattern, for unpolished strips of iron give 
straight-lme patterns Soller showed that these fines appear 
when a specimen originally magnetised parallel to its surface 
IS stretched m a direction perpendicular to the magnetisation 
and simultaneously exposed to a field perpendicular to the 
BUI face 

The Barkliausen Effect Further direct evidence supporting 
the Weiss domain theory of ferromagnetism has been obtained 
from the expciimcnts now to be described In Fig Q6 AB 
rcfiresents a feiroinagnetic wire whn h may be magnetised by 
the solenoid S Upon the wire is mounted an induction helix or 
search coil consisting of a \ery laige number of turns, say, 
10,000, winch is joined in scries opposition \.ith an identical coil 
Sgj which does not suiround the wire and placed some distance 
from S], and an amjihher and telephone rei eiver The coil 
acts as a compensator for the hncs of force through Sj from the 
magnetising field alone, and could be rejilaced by the secondary 
of a mutual inductance whose primary is in the magnetising 
current circuit 

* W C Elmore, Fhys Rev 51, 982, 1937 
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If the changes in the magnetisation of the rod were con- 
tinuous and there were no disturbing effects, there would he no 
sounds heard in the telephone when the magnetismg current 
changed slowly As, however, the magnetisation processes are 
discontinuous and independent of each other, a series of 
“clicks” or “noises” corresponding to abrupt changes in 
different parts of the wire are heard Sometimes the dis- 
continuities are so pronounced that the noises are heard when 
the coils Sj and Sj are joined direct to the telephone Such noises 



Fig 90 Apparatus for investigation of mrlividual 
longitudinal Baikhauscu effects 

were first investigated by Barkliauscn* and the phenomenon 
is known as the Barkhausen effect It has been described as 
the magnetic analogue of the “cry of tin”,t ^^d it is intimately 
connected with magnetostriction jtrocesscs 

The effect has been studied quantitatively by Bozorth and 
Dillinger,! I’fjffenbeigcr§ and Pici.sach || In many cases the 
specimen wire was 00 c m long and 1 iiim or less in diameter 
Bozorth and Dillingcr leplaccd the telephone of Fig 00 by a 
transformer in whose secondary was a thermo] unction con- 
nected to a critically damped Moll galvanometer The 
galvanometer deflections were recorded photographically and 
provided a measuie of the average value of the square of the 
current tlirough the secondary Bieisach connected Sj and the 
secondary of a mutual inductance direct to a ballistic galvano- 
meter to obtain the hysteiesis cycle of the wire, and to a string 
* H Barkhausen, Ph?/s Ze^t 20, 40J, 1919 

t Cf E N da C Andrade and B Chalmers, Naturt, 29, 660, 1932 
J R M Bozorth and Joy Dillinger, Phyt iZev 35, 733, 1930 
§ J Pfaffenberger, Ann der Phys 87, 737, 192B 
II F Preisach, Ann der Phye 3, 737, 1929 
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galvanometer when the Barkhauaen dia continuities were 
mveatigated It must be emphasised that and Sj must be 
some distance apart or the mduction in the wire in Sj may 
produce a flux in s^, they may then both surround the wire, 
since the Barkhauaen changes are random in magnitude and 
time of occurrence Mechanical vibrations must, of course, be 
avoided 

Nature of the BarLhausen Discontinuities It la clear from 
the above experiments that if we plotted the 1, 3^ curve for a 
ferromagnetic on an extremely large scale, we should find it 
made up of a senes of steps Van der Pol* examined the 
magnitude of these steps in the several portions of the hysteresis 
cycle, and found that tliey vieie pronounced only in the steep 
portions of the curve, where I cliangcs rajudly, and were 
extremely small in the region of saturation Preisaoh con- 
cluded that the total contribution of the discontinuous induc- 
tion processes depended on the type of hysteiesis cycle, but 
that there was no simple relation between the slope of the 1, 3^ 
curve and the Baikhausen effects Moreover, he found that the 
magmtude of the individual steps varied over a wide range and 
could be given no precise physical aigmficance Barkhausen 
effects are certainly found in the region of saturation but high 
amplification is necessary for their detection 

Estimates of the size of the Baikhausen domains, or of the 
number of atoms involved in a discontmuity, have been made 
by van der Pol,* Tyndallf and Bozorth and DiUinger f The 
estimate of the latter workers apjiears to be the moat reliable, 
but It IS based upon a series of rather complicated experiments, 
to say nothing of theoretical assumptions, and it will not be 
outlined here They found that the average volume of the 
ferromagnetic in which the magnetisation changed as a unit 
was about 10“® to 10““ c c in the case of vacuum-annealed 
armco iron, iron single crystals, vacuum-annealed nickel and 
permalloys of diffeicnt compositions and thermal treatment, 
and the extreme values were 12xl0““cc for iron and 

* B \an der Pol, Ttoc Afnslerdam Acad 23, 637, l‘)20 
t K P TyntUll, Fhya Rev 24, 439, 1924 
j B M Bozorth and Joy DiJImger, Phys Rev 35, 733, 1930 
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46x10“" CO fora 60 per cent mckel-iTon alloy These volumes 
are much greater than the volumes of the individual crystals 
found, for example, in a specimen of hard worked iron, and the 
average domam thus appears to contain about lO'^® atoms It 
may safely be assumed that Barkhausen discontinuities are 
mdependent of crystal size and lattice, and that the number 
and sizes of the discontmmties in a given specimen are constant 
It IS possible to make very large Barkhausen discon- 
tinuities by usmg a wire with positive magnetostriction under 
sufficient tension to ensure that all the domain vectors are 
ahgned parallel to its axis This means that the hysteresis 
cycle can virtually be made a rectangle, as Forrer* first 
proved 


Time of Duration of a Barkhausen Reversal Barkhausenf 
attempted to find the average time of duration of a dis- 
continuity by makmg use of the principle that an oscillatory 
circuit can only be vigorously excited by an impulse which 
lasts for less than half the period of one oscillatioii, and with 
his amphfler he showed that the duration was less than 
3 3 X 10“® sec Preisach used a receiver consisting of two high- 
frequency and one low-frequency stages, and found the Bark- 
hausen effects to persist even with the shortest u aves possible 
with the arrangement, 200 m He accordingly extended his 
work by using mckel-iron specimens whose hysteresis cycles 
were practically rectangles and whose Barkhausen impulses 
amounted to single impulses only By exposing such a 
specimen to an alternating held tlie impulses could be repeated 
regularly and made to give a periodic current m a high- 
frequency circuit For, if the hysteresis cycle has the approxi- 
mate shape of a parallelogram, the flux (p changes sign m a 
short interval of time J and then remains constant for a time 
T — T if the frequency of the apphed held is IjT The Fourier 
expansion for the induced E M r is given by 


^ _ 80 ^ sin(I(iir/2) 

ITT = \ k 


Sin k(i)t. 


• B Forrer. Journ de Phya 1. 109, 192b 
t H Barkhausen, Zml Jur kch Phya 5, 518, 1924 
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the appropriate expression for a senes of sharply defined 
potentials, w being the pulaatance of the magnetising current 
The amplitude of the Ath harmomc is therefore equal to 

_ Bin {knr IT) 

knrjT^ 

Hence the potential curve will contam a considerable number 
of equally pronounced harmonics as long as then- time of 
duration is large compared with the duration of the dis- 
continuous change, or Tjk > t, m which case 

Bin (knrjT) 

-k7rrlT^~‘"^ 

Thus the amplitude only decreases to a marked degree m the 
neighbourhood of a frequency whose half penod is equal to 
that of the duration of the discontinuous process, or when 
Tjkfn 2t 

On coupling the helix Sj and its compensator of Fig 96 
directly to the antenna cod of a short-wave receiver which was 
made to osiiUate, the high -frequency comjioiients supphed by 
the cod Sj produced combination frequencies with that of the 
receiver The frequency of the magnetising current was 
6000 cycles per sec , and when the condenser in the oscillatory 
circuit of the receiver was gradually rotated a succession of 
beat notes was generated as one after another the successive 
harmonica supplied by a, came into combination with the 
fundamental frequency of the receiver In this way harmomes 
with wave-lengths down to 30m w^ere lecognised, but with 
shorter wave-lengths the combination tone gradually faded 
away Hence the average time of duration of a Barkhausen 
process must have been less than 10“" sec 

The Transverse Barkhausen Effect Bozorth and Dilhnger* 
suggested that, as the magnetic vectors of domains would not 
all be set parallel to the direction of the apphed field during the 
investigation of the longitudinal effects, transverse effects 
would be registered m coils set with their axes at right angles 

* B M Bozorth and Joy DiUuiger, Phys Rev 36, 192, 1931, 39, 353, 1032, 
41 , 345, 1032 
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to the field They used tubular specimens 60 cm long and 
about 5 mm in diameter By passing a heavy current through 
a copper wire along the axis of the tube the specimen was 
magnetised transversely while a ouirent in a solenoid S 
surrounding it produced longitudinal magnetisation Two 
search cods and Sj were wound on the tube and joined in 
aeries opposition to the amplifier and thermocouple detector 
described on p 322 The magnetisation perpendicular to the 
specimen’s axis was measured by a few turns of wire threaded 
along the axis and down the outside of the tube and connected 
to a ballistic galvanometer, the search coil so formed could 
also be connected to an amjilifier and thermocouple detector 
to record the transverse disooiitmuitiea, and it was arranged 
that both transverse and longitudinal discontinuities were 
recorded on the same drum The deflection of the string 
galvanometer for longitudinal changes was invariably in the 
same direction, but the transveise changes gave deflections 
half in one direction and half in the other, proving that the 
average change m magnetisation perpendicular to the field 
was zero 

On measuring the ratio of average transverse to the average 
longitudinal effect as a function of the induction B, it was found 
that it was less than unity until B exceeded 15,060 after which 
it rose rapidly, values obtained from the virgin B, W and the 
hysteresis loop curv es falling on the same graph of the ratio 
against B The results definitely support the view that in low 
fields on the average all the magnetic vectois change by very 
nearly 180°, whereas in high fields rotation of the vectors 
through 90° is common 

Velocity of Propagation of Barkhausen Discontinuities We 
have seen on p 324 how Preisach made use of the large dis- 
continuities which are observed in the magnetisation of 
highly strained wires It is difficult to account for the sudden 
reversal of magnetisation m the whole length of the wire unless, 
os Langmuir first suggested, the magnetisation is initially 
reversed in a hinited region or nucleus in the wire, from which 
the discontinuity spreads outwards with a fimte velocity 
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Experiments will now be described which prove the correct- 
ness of this suggestion and tell us how the velocity of propaga- 
tion depends upon the applied magnetic field and upon the 
elastic stiain which the wire undergoes 

In the arrangement used by Sixtus and Tonks* shown in 
Fig 97 the initial discontinuity or nucleus in the nickel-iron 
wire AB was produced by passing a current through the small 
coil a, whilst the wire as a whole was magnetised to a chosen 
extent by a curient in the mam magnetising coil S The short 
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Fig 97 Sixtus and Tonks’s apparatus for invrHtigdtion of 
vclt)Cit> of BarkhiUbcn dibt ontmuities 


5000 turn search toils s, and were connected to amplifiers 
and thyiatron circuits in older to measure the time a dis- 
continuity took to pass from Sj to Tlie wire AB was sub- 
jected to tension, or toision, or both To protect the wnre, and 
to permit adjustment of the positions of and Sj, it was 
enclosed in a glass cajiillary tube In most cases the distance 
between Sj and was 20 cm , the centre of each being 10 cm 
from the mid-jioint of AB, the coil a being placed 24 cm from 
the mid-point 

The time of passage was measured by an amplifier circuit 
devised by Turner, I thyratrons being used to give constant 

* K J Sixtus and L Tonks, Fhys Bev 37, 930, 1931 
f L B Turner, Radio Rev 1, 317, 1920 
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impukes to a tuning cucmt whatever the voltages induced m 
Sj and flj The effect was to send a current through a ballistic 
galvanometer for the short time between the impulse dehvered 
by and that from For a fixed value of the tension the 
velocity was, in general, a linear function of the mam magnet- 
ising field of the form v = where ^ is a constant 

of the order of magmtude 26,000 cm per sec per oersted, and 
may be considered to be that limiting field in which the 
velocity of propagation would be zero Jlf’g decreases with 
mcrease in tension, and depends on the previous history of the 
wue A appears to increase with rise in temperature 

If discontinmties are started when the field in a restricted 
region exceeds a certain hmitmg value, then it should be 
possible to arrest the propagation of the discontinuity by 
estabhshing a restricted region of very low field m its path 
Sixtus and Tonks* therefore placed a stoppmg coil 6 between 
Sj and Sj and adjusted the stopping current therein until 
recorded no changes in flux They then found that a demagnet- 
ising field was set up over the major portion of the wire inside 6 
which exactly neutralised the excess of the applied field over 
the hmitmg field 

Sixtusf found it possible to adjust the magmtude or dura- 
tion of a single impulse supphed to a until propagation started 
and to impart a succession of "flat-topped” impulses of equal 
magnitude and duration for this purpose In both cases he 
found ( X = constant, where t was the total time the 

added field lasted From this he concluded that for propa- 
gation a nucleus had to grow to sufficient size By moving a 
short search coil along the wire a flux distribution curve was 
obtained, whose height measured the size of the nucleus , there 
was a defimte relation between the height of this curve and the 
mam field m which the nucleus could start propagation 
Assuming the value of the demagnetisation constant of the 
nucleus and knowing its length, its diameter could be estimated 
The length of a nucleus was found m the case of a 15 per cent 
nickel -iron wire to be a few mm and its diameter about 10“* to 

* K J SistiiH and L Tonks, Bev 43, 931, 1033 
t K. J Sixtue, Phys Bev 48, 426, 1936 
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10~*cm , giving a volume of about 10“®o c for the size of a 
Barkhausen domam 

Sixtus and Tonka have given a theory of propagation of 
Barkhausen effects based on the suppositions that the penetra- 
tion of a discontinuity into the wire is determined by eddy 
currents in the material, while the propagation along the wire 
depends on surface conditions They consider that the pro- 
pagation into the wire requires a time St which they call the 
penetration time, and they calculate this time on the basis 
that magnetisation is reversed at any point m the discontinuity 
where the total effective field exceeds the critical field 
and that reversal occurs so rapidly that the eddy currents 
generated reduce to at every instant In this way 
they find 

= 3 10 

where a is the radius of the wire, A I the change in intensity 
of magnetisation associated with the discontinuity, p the 
resistivity and 3^ the superimposed main magnetising field 
Unfortunately, to obtain agreement with the experimental 
results it is necessary to multiply the nght-hand side of the 
above equation by a numerical factor, 0 035, of unknown 
significance An interestmg feature, however, of this work is 
that it appears to account satisfactorily for large discon- 
tmuities, over 100cm long, found experimentally 

Dormg* has given a new theory of propagation in which 
account is taken of the energy in the transition layerf be- 
tween two Weiss domains He pictures a small nucleus in the 
wire as growing by displacing its boundaiy, and likens the 
process to the growth of drops within a supersaturated vapour 
He thus shows that the experiments on large Barkhausen dis- 
continuities lead to a value for the energy stored m each 
square cm of the transition boundary of 2 7 ergs, which is m 
satisfactory agreement with theory 

• W Dormg, Zeit fur Phya 108, 137, 1938, and ProhfEme der teehmarhen 
Magjietiaierungskurve, jj 26, 1938 Cf H K.iake, Zeil fur Phya 113, 218, 1939 
■I" F Bloch, Zcit far Phya 74, 295, 1932 
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INTERPRETATION OP THE 
HYSTERESIS CYCLE 

Introduction We discussed the several ways in which the 
magnetic properties of ferromagnetic materials may be investi- 
gated in Chapter ll, where we also discussed the mam features 
of a normal hysteresis cycle and mentioned the hysteresis 
cycles characteristic of ceitain polycrystallme substances The 
magnetic properties of ferromagnetic single crystals were 
detailed in Chapter iv, and in Chapter x the essentially dis- 
continuous nature of magnetisation processes was emphasised 
We will now examine these processes more closely in the light 
of recent theoretical work, much of which has been described 
in extenso by Becker and Donng * 

We have frequently referred to the Weiss domain theory 
of magnetisation which postulates that an unmagnetised 
ferromagnetic crystal consists of a large number of small 
regions or domains, magnetised practically to complete satura- 
tion, with their magnetic vectors orientated in all possible 
directions Bulk magnetisation of the material therefore 
occurs when some of these vectors are caused to align them- 
selves more or less parallel to an applied magnetic field 
Referring to Pig 98, the separate compartments represent 
a few domains in an unmagnetised specimen of iron, in which 
the domain vectors set in directions, indicated by the arrows, 
parallel to the edges of a crystal cube It is clear that at least 
three distinct kinds of change might be expected to result 
from the application of an applied field in the direction 
shown Pirst, the vector of domain 4 might turn through 
180 degrees, so that, while it still remains parallel to a crystal 
edge, it is in much better alignment with In like manner, 
the vectors of domains 2 and 3 might turn through 90 degrees 
Secondly, the vmetor of domain 1 might grow at the expense 
of domain 2 as shown by the dotted line Pmally, after all 
* R Becker and W During, FerromagntiiamuBf tipringor, 1939 
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the domain vectors have set themselves as nearly parallel to 
as possible, although still remaining parallel to cube edges, 
they might thereafter rotate bodily through angles less than 
90 degrees until they are exactly parallel to the field 



Fig 98 IlluHlratmg domain atructure of a ferromagnetic cryatal 

It IS fiequently assumed that all the spins within a given 
domain can simultaneously swing through large angles from 
a position of mimmnm domain energy to another The energy 
needed for such a comparatively large-scale process is so great 
that the assumption is undoubtedly incorrect, and the instan- 
taneous 180 degree rotation of all the spins in domain 4 and 
a similar 90 degree rotation of all the spins in one of the 
domains 2, 3 and 8 is impossible Consequently, the domain 
changes must proceed by means of a senes of rapid rotations 
of individual spins Now, while it is easy to draw domains 
as if they were of regular shapes situated within a two dimen- 
sional frame, it is not easy for an ordinary person to visualise 
their actual arrangement in three dimensions within a crystal, 
in any case, in strained materials the vectors will not make 
angles of exactly 90 and 1 80 degrees with one another, and, 
while we have thus far confined attention to single crystals, 
their properties are not unique, for all ferromagnetic materials 
must be regarded as collections of such crystals giving rise 
to hysteresis cycles which must be explicable in teims of the 
properties of the single crystals of which they are constituted 

Factors affecting Direction of Domain Vectors It is known 
that there are three important factors which decide the 
direction of magnetisation within a particular domain 
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ExperimentB with single crystals show conclusively the 
existence of directions of easy magnetisation, eg in iron 
crystals these are parallel to the [100] directions, and in nickel 
crystals at room temperatures to the [111] directions This is 
because different quantities of energy are associated with 
different positions of the vector with respect to the crystal axis , 
and we express this fact by means of the amsotropy coefficients 
of p 161 Hence, we may consider that the crystal energy 
per unit volume, (equal to the quantity E of equation (111)), 
18 one of the factors deciding the position of the domain 
vector 

A second factor must be the effect of strain produced by the 
magnetostrictive changes of dimensions which accompany 
magnetisation It is impossible to prepare a ferromagnetic 
substance which is perfectly strain-free, because, as it cools 
through the Curie point, the substance changes from a para- 
magnetic to a ferromagnetic state, resulting in stresses which 
caimot be entirely removed, however careful and prolonged 
any subsequent annealing may be We know from direct 
experiment how important such stresses can be, for example, 
a nickel wire under severe longitudinal stress can be mag- 
netised parallel to its axis only with difficulty, because the 
domain vectors under these circumstances set perpendicular 
to the axis of the wire In fact, it may easily be proved that 
if we apply a tension of F dynes per sq cm to a domain m 
mckel, for which E is small, we have to siijiply strain energy 
per umt volume, Ef, equal to sin'^^ in order to turn 
the vector through an angle (j) from the direction of the 
applied tension, where A, is the saturation magnetostriction 
coefficient 

For, let the vector make an angle (j> with an applied field 
and let the mechamcal couple acting on it be Jfj Suppose 
that a displacement dij) is accompanied by a magnetostrictive 
change of length equal to dl per unit length If a is the area 
of the cross-section over which F is applied, we must have, 
from mechanical considerations. 


Mf. d^ = FoaU. 
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But, for nickel, 'where we may aaaume that the magneto- 
striction IS isotropic, we may write 

dl = Id = <i{|A,Z(coBl 54 - i)}, 

= — SAjZsin^ cos 

80 that Mp = alF 3( — A,) am 0 cos 0 


Now Mjp 18 halanced by the couple which the magnetic 
field exerts on the domain If the magnetic moment per umt 
volume of the domain is and the volume V = cd, we have 


Mp = Mjp = V f,^am 0 = all ^ sm 0 

I ^ 

Therefore cos 0 = — linear relation , hich changes 

abruptly when cos 0 = 1 at / = /„ already given on p 306 
for the magnetisation of mckel under severe longitudinal 
stress Hence, to find the total mechanical work done in 
turning the vector from a direction making an angle 0 with 3^ 
to one parallel to it, we write 

Ep^- d0 = - |( - AJ F sm^ 0 (197) 


For nickel, A, is negative, for permalloy under tension, it is 
positive The above calculation holds only for isotropic 
magnetostriction, and for the general case, e g for iron, where 
even the sign of A„ depends upon the dii ection of the magnetisa- 
tion with respect to the crystal axes, the calculation of Ep 
la extremely difficult and does not appear to have led to 
results of practical value so far 

Finally, in addition to E, and Ep we have the energy 
per unit volume Ej^ which is the energy of position or potential 
energy of the domain magnetisation imth respect to the applied 
field, it IS not the energy located in the material itself, as we 
shall see later This is clearly equal to — cos 0 Conse- 
quently, to sum up, the domain vector must set in such 
a direction that E,, + Ep + Ejp is a minimum It follows that 
only when the material is approximately stram-free does E,, 
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decide the direction of the vector, and that only when Ejf, is 
greatly in excess of and Ejp can its direction he fixed uniquely 
Now, there must always exist a minimum internal stress equal 
to = A,£'', where E' is Young’s modulus for the material, 
because the latter gams its ferromagnetism, and is corre- 
spondingly distorted, by cooling through the Curie point 
It IB therefore appropriate to divide ferromagnetic matoridls 
into two groups according as E^ p- Ep or not 

Domnin Boundary Displacements We may now give a some- 
what more definite picture of what takes place when we 
magnetise a ferromagnetic substance like iron for which E,. 
IS always pEp, where, in fact, tensions considerably above 
the elastic limit would be needed to make Ep approach E,. 
in magmtude Let u.s consider two adjarent domains, such 
as 1 and 2 in Fig 9S, whose vectors arc at 90 degrees with 
respect to one another, with what is termed a 90 degree 
boundary between them Let us plot the difference in the 
energy minima per unit volume, denoted by E^ — E^ as we 
proceed through the two domains in the x direction, i e we 
imagine unit volume around any given point to have its vector 
pointing first as in 1 and then as in 2 It will be represented 
by a curve of the form ABC DEE, Fig 99, when no field is 



Pl^ SI Uliistrating energy changes inTolved in hounclarv (lisiilarempnta 

applied, the boundary being located by the point of intersection 
A on the x axis On establishing an effective field H parallel 
to X the energy difference is decreased by f//,, which may be 
regarded as equivalent to raising the x axis by this amount, 
so that it takes up the position and intersects the curve 
at B which now represents the new boundary position Pro- 
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Deeding m this way with larger values of the applied field 
successive points of intersection representing a 90 degree 
boundary displacement are obtained This displacement is 
magnetically reversible until we reach the point of inter- 
section C, but, once the field is increased beyond the value 
for C, a region where the direction of the vector is particularly 
favoured, instability is found and the boundary moves 
forward rapidly to positions given by points of intersection 
such as E The change between C and E is magnetically 
irreversible and forma a Barkliausen discontinuity On de- 
crea,sing the field the minimum D is reached bcfoi e a similar 
Barkliausen change takes [ilace in the reverse direction 

When two adjacent domain', whose vectors are antiparallel 
are under consideration, it is necessar} to imagine a transition 
layer between them analogous to those considered m surface 
tension problems The experiments of .Sixtus and Tonks shov 
that a critical field must be exceeded if a more favoured 
domain is to grow at the expense of the other This means 
that such changes are irreversible They undoubtf dly account 
forthemajorit) of the Barkliausen di.scontinuities, particularly 
in the region below the knee of the hysteresis curve 

The fields necessary to cause the two types of boundary 
displacement to continue, until all the domain vectors in the 
iron crystal are set parallel to the cube edge most nearly 
coincident with the direction of the applied field, are not large 
If it IS further desired to turn the direction of magnctiSci.tion 
from parallel to the cube edge through an angle less than 
90 degrees to exact alignment with the applied field, then, since 
no further boundary displacements are possible the change 
may occur only by rotation of the vectors , strong fields must now 
be used, such that Hence, when the boundary 

displacements found on the steep part of an (/, curve come 
to an end and rotations begin, a marked kink appears in the 
curve Such kinks are shown in Fig 44 As far as is known 
these rotations are reversible It is actually possible to harden* 
a polycrystalline nickel wire by cold working so that it is 
isotropically and homogeneously strained to such an extent 
• G Thiessen, A-fin dex Phys 38, 153, 1940 
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that Ep^E , and all magnetisation of the wire occurs by 
rotations alone Usually, of course, in polycrystalline materials 
boundary displacements and rotations are superimposed and 
their effects are often difficult to disentangle This is par- 
ticularly the case with exceptionally hard materials, e g steels, 
where irreversible processes are evident during any change 
in magnetisation 

Examination of the Hysteresis Cycle An attempt will now 
be made to examine how boundary changes and rotations 
occur in the several portions of a typical hysteresis cycle for 
a soft material Referring to Fig 100, we consider first the 
imtial portion Oa of the virgin curve, whose slope, or imtial 



susceptibility, IS determined by the relative numbers of 
and ISO degree boundary changes In general, for annea 
specimens the 90 degree changes predominate, and the numl 
of 180 degree boundaries depends on the method by whim 
the specimen was demagnetised, e g by reversals with d el 
or by gradually decreasing an a c field, prior to the measune 
ment of 1 and VVe know that the path Oa is magneticalt, 
reversible so that the boundary changes there are mwe 
probably reversible too, and we therefore conclude that oro- 
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in exceptional circumstances is the number of 180 degree 
boundary changes large in this region, indeed, it appears to be 
large solely in the case of carbonyl iron Approximate ex- 
pressions for the initial susceptibihty may therefore be 
deduced 

Thus, for a nickel rod under severe internal stress, can be 
shown to be approximately equal to The latter 

expression, strange as it may seem, differs but httle from that 
for a substance with very small, when 90 degree boundary 
displacements are considered of overwhelming importance 
Assuming, tlierefore, that the minimum value of may be 
taken equal to X„E', the maximum value of the imtial per- 
meability could not greatly exceed 1 -I- E' , i e about 

12,000 emu per c c , this is in good accord with some of the 
experimental values for special materials Higher values, 
e g 14,000 for hydrogen-treated pure iron* and 100,000 
for certain specially treated matenalsf are presumably due 
to 1 80 degree boundary displacements Returning to Fig 100, 
jhe steep part ab is mainly due to irreversible 180 degree 
loundary changes At b, where the eflective field is only 
lightly greater than the coercivity is located the bend or 
‘knee” of the curve which is produced by the superposition 
of huge numbers of the sharp kinks found with single crystals 
It represents the transition from the region of 180 degree 
boundary changes to the region cd m which nearly all changes 
in magnetisation are duo to reversible rotations If we increase 
the field beyond the point d we leave the region of technical 
magnetisation processes and enter the region, so well explored 
in magnetocaloric experiments, where further magnetisation 
results from the reorientation of individual electron spins 
alone 

On decreasing the field, the magnetically reversible path dc 
IB traversed, and the magnetisation thereafter decreases 
because of reversible 90 degree and, possibly, a few 1 80 degree 
boundary displacements, until the point e at the intersection 
of the curve with the I axis is reached The field is then 

* P P Coiffi, Phyi Rev A, 45. 742, 1934 

f 0 L Boothby and B M BozortU, Phyn Rev A, 71, 472, 1947 


BMU 


337 


22 



INTBEPEETATION OP THE HYSTEEESIS CYCLE 

reversed, a little beyond e the reversible boundary displace- 
ments are completed and the curve descends steeply to f because 
of irreversible 1 80 degree boundary displacements There is no 
advantage in discussing the remaining stages of the cycle, as 
all the essential features are covered by the above description 

The intercept 1^ on the I axis is the retentivity In the case 
of magnetically soft materials it is easy to see, from a con- 
sideration of the symmetry of the distribution of the vectors 
about the direction in which the field was formerly a maximum 
and the absence of vectors pointing m the reverse direction, 
that 7, should be equal to 7,/2 However, there is usually 
sufficient magnetic interaction between neighbouring domains 
to make I^> IJ2 It should be noted that the coeroivity Of 
cannot be greater than the residual induction, tir/. 

In the case of heavily strained materials there should be 
very little difference between the demagnetised state and the 
state I = 7^, the only real difference being that certain of the 
domain vectors are oppositely directed in the tw’o states 
Hence the differential susceptibility at 7 = 7, should be 
equal to the initial susceptibility, and this is supported by 
experiment For lightly strameil materials we expect a dif- 
ferent relation to hold Becker calculates that for iron 
k^jkg = 1 — 2/7T = 0 364, while for nickel the smaller ratio 0 328 
IS obtained In other words, the value of the ratio k^jkg should 
never fall below 0 3, but if this should happen, as, e g with 
carbonyl iron, it is easy to explain it by postulating that 
180 degree as well as 90 degree boundary displacements are 
involved 

The coercivity is determined by the field necessary to start 
a large Barkhausen discontinuity with a 180 degree boundary 
change If we postulate that this boundary is of finite thick- 
ness, that electron spins therein change their directions in 
a regular manner as we traverse the boundary from one side 
to the other, and that a quantity of energy q is associated with 
each umt area of the boundary surface, then a displacement 
dx of the latter must satisfy the equation 

2^Igdx = {dqjdx)dx ... (198) 


338 



EXAMINATION OP THE HYSTEBESIS CYCLE 

Now, q may be regarded aa made up of the oontributiona due 
to the Heisenberg exchange effect g,, the effect of internal 
strain and the crystal anisotropy q^, i e 

3 = 9» + ?. + ?c (1'39) 

It la reasonable to suppose that g„ and q^ do not vary appre- 
ciably throughout the boundary, so that it is sufficient to 

dqldx = dqjdx (200) 

But dg, = Odx, 

whence q^ = where t is the thickness of the boundary 

If the boundary is to be stable it must possess a definite 
thickness tg, so that from equation (108) it follows that the 
maximum value of ^ which can be applied before the Bark- 
hausen discontinuity starts is 

1 ^ ^ 

Therefore, in order to calculate measure of the 

minimum value of the cocrcivity, we must make special 
assumptions about the way in which F, vanes from place to 
place in the ferromagnetic material Practically nothing is 
known about the latter variation, but we may certainly take 
it that IS proportional to or to IJkg, a statement 

which IS well supported by experiment 

We may confidently assume that the maximum value of 
for a given material cannot exceed iX,FJI^ Assuming 
that the remanence 5, = IJ2, we may readily estimate the 
maximum value of {B^ x which is unlikely to be exceeded 
Thus, taking A^ to be 5 x 10^'^ and F^ to be the tensile strength, 
say 200 kg per sq mm or 2 x 10*® dynes per sq cm , we find 
(Br^)n,axto be 10x10“ gauss-oersteds, the value of 
for alcomax II, the highest for any matenal in common use 
in Britain, is about 7 x 10®, while the value of is 

about 5 0 X 10® ergs per c c 

Adiabatic Temperature Changes accompanying Magnetisa- 
tion in Moderate Fields It is generally accepted that the 
energy hberated in a complete hysteresis cycle is given by the 
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expression (p Jff’dI, derived on p 59, a statement which is 

J +jr 

sometimes known as Warburg’s law * The derivation of this 
expression has been discussed in detail by Becker and Boring, | 
Bitter, J Guggenheim, § Stoner|| and others, it is theoretically 
correct only when the conductors present consist solely of the 
ferromagnetic specimen under examination and the solenoid 
which produces the magnetic field applied to it, so that eddy 
eurrents are not established in neighbouring conductors How- 
ever, all the above-mentioned discussions seek to explain 
why the energy supplied to a substance during magnetisation 
IS given by and not ^d(J^l) or ^IdJf, and are not 

adequate for an examination of the energy changes associated 
with small changes in in any part of a hysteresis cycle 
Let us assume that J^dl correctly represents the whole 
energy supplied to a ferromagnetic specimen in any part of 
a hysteresis cycle and that it is accompanied by an increase 
in internal energy dE For the present, we will confine atten- 
tion to specimens which are not subjected to applied mechanical 
forces, neglecting those provided by the presence of the atmo- 
sphere, so that we may write dE = d(E^+Ejf), where refers 
only to the energy associated with strain of internal origin 
The changes are adiabatic so that we may write 

Jfdl = i,dEldI)j.dI + {dEldT)jdT (201) 

Now, J^dl can be obtained directly from magnetic measure- 
ments, whde the second term on the right-hand side of 
equation (201) represents that part of the change in the 
internal energy which mamfests itself as an increase in tem- 
perature and can be obtained directly from thermal measure- 
ments to be described In fact, we may write 

(dEI?I)j,dI = J^dI~dQi (202) 

and we may, therefore, determine {^Ejdl)^ at any stage in the 
magnetisation of a ferromagnetic, which means that we can 

• E Warburg, Ann der Phyis 13, 141, 1B81 

f R Becker and W Donug, Ferromagneliamus, p 53, Springer, 1939 
j F Bitter, Iniroducixon to Ferromagnetism, p 14, McGraw HiU, 1937 
§ E A Guggenheim, Roy Soc Ptoc A, 155, 49, 1936 
11 E C Stoner. PM Mag 23, 833. 1936 
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say whether E increases, decreases or remains constant with 
change in I at any point on an curve, equation (202) 

being independent of whether the change is reversible or not 
in the thermodynamic sense Equation (202) clearly brings 
out the importance of considering thermal changes with 
reference to changes in I instead of changes in Jif’ 

We must use a more general method of analysis for the 
examination of ferromagnetic specimens subjected to longi- 
tudinal stress Assuming the phenomena to be thermo- 
dynamically reversible we may write 

dU = T dS + JtdI+F dl, (203) 

where F is the load expressed m dynes per unit area, and dl 
IS the extension per unit length of the specimen Taking S, 
^and F as the three independent variables it follows, e g by 
comparison with analogous gas formulae, that 


fa, F 

T (d 
j pCfjA? 


( 204 ) 

('?) = 

r_ /J 

mi f 

( 205 ) 

VFIjf s 

jp^F.JF 



/di\ 


( 206 ) 


where jf is the specific heat of the material under constant 
F and constant JP, and the oilier symbols have their usual 
meanings When E = 0, equation (204) reduces to the state- 
ment for the magnetocaloric effect, deduced on p 273, which 
adequately represents the behaviour m strong fields and will 
not be considered further here 

In the case of severely loaded nickel specimens we have 
direct experimental evidence* that the longitudinal magneto- 
striction changes of length are proportional to This 
evidence, together with that of Englert and of Siegel and 
Quimbyt may permit us to regard the length of the specimen 

* H Kirthner, Ann der Phys 27, 49, 1936 

+ O Engler, Ann d&r Phya 31, 145, 1937 

X S Siege] and S L Quimby, Phya Rev 49, 063, 1930 
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as prescribed by the value of /* alone If this is correct, then 
we may write I and {l — l„) = k^l^, whence dl = 2/^2 Idl 

Substituting at the outset in equation (203) it follows that 


3 

TS 


/ k, + 2 Fh,\\ ^/dT\ 

M \ ^1 / Ijf'.Ji’ 


AT = - 


BO that the adiabatic change in temperature AT for a field 
change is given by 

T /k, + 2Fk,\(dI\ 

Now, Becker’s values of k^ and k^ for magnetisation processes 
in mckel under tension are respectively and 

whence (k^ + 2Fk^ is zero and no reversible changes in tem- 
perature should accompany changes in magnetisation under 
these circumstances 


Experimental Studies There are considerable difficulties in 
the way of the measurement of the quantity dQ^ of equa- 
tion (202), because in the study of soft materials by a step-by- 
step procedure it is necessary to detect temperature changes 
of the order of 10“* ” C , and few such measurements have been 
made Pioneer studies of hard steel were made by Adclsberger 
and by Constant Experiments on carbon steels were made 
by Ellwood, by Honda, Okubo and Hirone and by Okamura, 
and on nickel by Miss Townsend and later by Hardy and 
Quimby In all these experiments the temperature changes 
were measured by means of a large number of thermocouples 
connected in senes to a galvanometer They all suffered from 
difficulties of change of galvanometer zero, and in most cases 
there was no means of calibrating the system used for the 
temperature measurements, apart from the calculation of the 
total heat on the assumption that Warburg’s law is correct 

Bates and Weston* used a new method in which several 
thermocouple circuits were arranged in parallel The “hot” 
junction of each thermocouple was placed in direct contact 
with the ferromagnetic specimen while the “cold” junction 

* Full references and brief descriptions of these experimenta are given m the 
paper by L F Bates and J C Weston, Phys Sac Ptoc 53, 5, 1941 
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was close thereto, but thermaUy insulated therefrom, except 
for conduction along the material of the couple Each thermo- 
couple circuit was connected to its own insulated primary of 
low resistance wire wound on a mu-metal spiral core, or ring, 
which served as the core of a transformer The secondary 
coil of many turns of low resistance wire wound on the core 
was connected to a special form of moving coil galvanometer 
or fluxmeter The latter was pecuhar in that the magnetic 
field was provided by an electromagnet, while the slight ferro- 
magnetism normally found in a moving coil was artificially 
increased to provide a negative restoring couple, i e a couple 
in opposition to that provided by the suspension, so that an 
instrument of long period and very high sensitivity resulted 
The followmg theory of the method, though obviously 
incomplete, is sufficient for present purposes Let us suppose 
that only one thermocouple is used When the temperature 
of a “hot” junction changes by AT, a current proportional 
to AT flows in a primary circuit It is now assumed that this 
current remains constant, so that the resulting change m the 
magnetic induction of the core persists for a reasonable interval 
of time Consequently, an unidirectional discharge of elec- 
tricity occurs m the secondary circuit and results in a fluxmeter 
deflection 0 which is likewise pioportional to AT It is evident 
that a set of P identical thermocouples, each with its own 
primary winding, produces a deflection P 0, although each 
“hot ” junction is in direct electrical contact with the specimen 
The sensitivity of the fluxmeter depended upon the electro- 
magnet current and reached a maximum which was constant 
over a useful current range Employing twenty thermocouples 
the sensitivity attained was normally 8x 10'®° C per mm 
deflection with a scale 7 m distant, and it was easy to read the 
deflection to 0 1mm The specimen to be investigated was a rod 
some 40 cm long and 4 or 5 mm in diameter, to which brass 
extension pieces were screwed, mounted vertically inside 
a water-cooled solenoid The symmetrically arranged thermo- 
couple leads issued from the upper and lower openings of the 
solenoid Severe tension could be applied to the specimen, 
when necessary, by a brass steelyard arrangement 
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The temperature measuring system was calibrated by pro- 
ducing standard adiabatic changes of temperature of the order 
of 0 001° C by applying known longitudinal stresses to the 
specimen Joule* showed that when a tension of F dynes is 
suddenly applied to a metal rod there occurs an adiabatic fall 
of temperature A T given by 


AT = - 


olT F 

JpCA’ 


(207) 


where a. is the coefficient of hnear expansion of the rod, T the 
absolute temperatuie, J the mechamcal equivalent of heat, 
and p, C and A are respectively the density, specific heat and 
area of cross-section of the rod We see, then, that the applica- 
tion of F really causes an energy change JpCA T calories per o c 
of the specimen, this is particularly helpful since in hysteiesis 
expenments it is the heat liberated or absorbed per c c which 
IS measured This method of calibration automatically elimi- 
nated errors due to loss of heat 

Eddy currents were eliminated by making individual changes 
m magnetisation small Effects of stray field upon the thermo- 
couple leads were eliminated by means of a compensating 
coil C, which was connected to its own primary winding so 
that it formed a closed circuit with a time factor identical 
with that of an ordinary thermocouple circuit The position 
of C could be ad] listed with respect to the spec imen Unwanted 
induction effects were manifested by sharp or jerky initial 
movements of the fluxmeter coil, followed by the much more 
leisurely, true, thermal deflections, their direction depended 
upon the direction in which the hysteresis cycle was traversed, 
while that of the true thermal deflections did not It was 
therefore easy, even if sometimes very tedious, to see when 
exact compensation was reached 

Outline of Resul ts We will now examine some representative 
results In Fig 101 are plotted the data recorded for a hard- 
drawn rod of luckel, 99 98 per cent pure, with less than 
0 001 per cent sulphur, less than 0 02 per cent carbon and 

^ J P Joule, Collected Works (London Phys Soo ), 1, 426, 18S4 
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a trace only of other impurities The data were obtained by 
starting with the nickel in a field of about 200 oersteds, 
decreasing the field to zero and then increasing it to the same 
value in the opposite direction Starting from the left-hand 
Bide of the figure the full-line curve represents the successive 
values of EdQ^, or Q^, plotted against the appropriate values 
of I The broken line represents the (iMI, I) curve calculated 
from magnetic measurements made by the ballistic method 



Fig 101 Hard drawn nickel, unloAded 
QiJ ill, I dl - Q„ I 


and the dotted line represents the (J yf dl — Q^, I) curve In 
order to save space, the additional data obtained by reducing 
the field to zero once more and then increasing it to its 
maximum value in the original direction have not been 
plotted They merely give a similar {Q^, /) curve to that which 
can be obtained by rotating the printed full-line curve about 
the axis of ordinates while displacing it parallel to that axis 
until the first point on the left-hand side rests upon the 
furthermost point on the right-hand side The experimental 
values of the retentivity are indicated by or in Fig 101 
and other figures 

In Figs 102 and 103 are shown the results obtained with 
specially annealed nickel of the same composition as that 
used for Fig 101, when maximum fields of 200 and 400 oersteds, 
respectively, were used The contrast between Figs 101 and 
102 brings out the profound effects of annealing, while that 
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between Figa 102 and 103 indicates the effects of applying 
fields sufficiently high to magnetise the specimen beyond the 
regions in which kinks are observed in the [I, 3^) curves for 
single crystals of mckel In all these figures it is seen that 



Fig 102 Annealed ucke], unloaded Maximum field 192 4 oerateda 
Qvl l-Q„I 

when 3^ = Q and I = (dEjdl) is always zero This means 
that d(E^+ Ejr)j.jdl = 0 when I = Ir In other words, m these 
circumstances the changes in crystal energy are exactly 



Fig 103 Annealed nickel, unloaded Maximum field 411 3 oersteds 


compensated by the changes in strain energy Indeed, for 
one specimen of nickel 99 67 per cent pure, containing 0 04, 
0-02, 0 04, 0 08, 0 01 and 0 14 per cent of carbon, sihcon, 
copper, iron, manganese and magnesium, respectively, Bates 
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and Weston found that (dEjdl)^ was zero for all values of 7, 
but this was exceptional The lower the coercivity of the nickel 
specimen the more pronounced was the mimmum value of 
jJ^dl — Qj Moreover, {dEjdl)j, was negative whenever the 
magnetisation processes were magnetically reversible and 
positive when they were magnetically irreversible, a statement 
which also applies to magnetisation experiments with virgin 
material 

Tor all (hard-drawn) nickel iron alloys studied, JJf’d/ - 
was always positive for the magnetisation cycles, (dEjdl)^, 
being zero when 1 = 1^ and practically zero over a wide range 
of / extending from this state There appeared to be no 
essential difference other than magnitude between the thermal 
behaviour of mu-metal and permalloy, which show very small 
magnetostriction, and 42 per cent mckel-iron alloy which has 
a very large magnetostriction, in these cases, however, the 
(Qj, 7) curves he completely below the 7 axis In all the 
experiments Warburg’s law was found to hold with an accuracy 
of less than 1 per cent for a single cycle The thermal changes 
for mckel under severe tension were very small, and, consistent 
with Becker’s theory, there was no sign of cooling anywhere 
in a cycle Traces of reversible heating and cooling were found 
in a cycle with a load of 8 57 kg pei mm but there was no 
cooling with 12 2 kg per mm ^ in agreement with Kirchner’s 
finding that the magnetostriction varies hnearly with 7^ only 
when the load exceeds 10 kg per mm ® 

Similar experiments were made by Bates and Healey* with 
specimens of armco iron containing only Oil per cent known 
impurity The work was very difficult because of the smallness 
of the thermal changes, the disturbing effects of mechanical 
vibrations and the largeness of eddy current effects, so that 
Warburg’s law could not be proved for individual cycles The 
Qj curves for unannealed iron and unannealed nickel were 
surprisingly alike, especially in the case of cycles with high 
values of the maximum field with iron, yet there is a big 
difference in the magnetostriction behaviour of the two 
metals 

• L F Bates and I) R Healey, Soc Proc 55, 186, 1943 
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Measurements with a maximum field of 400 oersteds were 
made on iron annealed by mamtaimng it at a temperature of 
950° C for half an hour in vacuo, and then allowing it to cool 
slowly Certain asymmetries were found in the thermal 
measurements, depending on the direction of magnetisation 
of the specimen, and were interpreted as evidence that 
anneahng does not produce a random distribution of the 
crystal axes in the specimen, but merely shifts the preferred 
orientation, and as evidence of the effects of mechanical fatigue 
on magnetostnction phenomena An important feature was 
the lack of definiteness in the values of dQ^ for stated changes 
in the field in the region of 350 to 400 oersteds on the ascending 
portion of the hysteresis curve There was a systematic fall 
in the dQi value for a chosen field change as the measurements 
were continuously repeated until a small constant value was 
observed Now, Akulov* pointed out that, theoretically, a dis- 
continuity ought to exist m the (7,^) curve for a single 
crystal of iron when magnetised parallel to a [111] direction 
He showed that the (I, Jf) curve should bend suddenly towards 
the I axis when the field reached about 350 to 400 oersteds, 
which IS precisely the region in which Bates and Healey 
observed the unexpected thermal behaviour Presumably, 
the phenomenon has never been observed in ordinary mag- 
netic measurements of I m hysteresis cycles because of the 
difficulty of obtaining strain-free crystals 

Cobalt, 98 4 per cent pure, in the form of annealed and hard- 
drawn No 12 s w g wire, was investigated by Bates and 
Edmondson \ The heat changes were relatively laige and in 
marked contrast to those observed with iron and nickel For 
example, with unannealed iron and nickel there is always 
cooling followed by heating as a high field on the specimen is 
reduced, but with cobalt there is always an initial warming, 
on the whole, cobalt behaves in a contrary manner to iron and 
nickel It 13 important to correlate these differences with 
differences in crystal structure, e g preferred orientation and 
grain size, magnetostriction and other properties The collec- 

* N Akulov, Znt fur Fhys 69, Bl, 1931 

ILF Bates and A S Edmondson, Phyn Soc Proc 59, 329, 1947 
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tion of fundamental information on the energy aspects is 
a very necessary prelude 

LimiUihona of the. Domain Concept When we survey the 
experimental basis of the domain concept,* we see that we 
require it to explain (a) the fact that ferromagnetic substances 
do not become magnetised except in a magnetic field, (6) the 
Barkhausen effect, (c) the Sixtus-Tonks experiments on the 
growth of large regions in materials under tension m an apphed 
magnetic field, and, possibly, (d) the occurrence of Bitter 
figures on the surfaces of ferromagnetic single crystals 
Unfortunately, each of the above phenomena appears to 
require its own particulai type of domain In fact, the domain 
concept lacks the ptccision which can only be given to it when 
we can find a rigid experimental proof of the existence of 
domains and also a more fundamental reason for their existence 
than the above phenomena provide 

Fortunately, we are on the brink of such a discovery, for 
Neelf has given a theory of domain formation which accounts 
for types of Bitter figures, mentioned on p 320 He pictures 
the 00 degree domains in a rectangular bar cut parallel to the 
binary axis of an iron crystal as thin fillets with their planes 
perpendicular to that axis, along which the magnetic field 
acts Now, their edges on the bar surface should give very 
intense surface fields As these fields are not observed, closure 
domains, of jirismatic shape, magnetised m such ways that 
httle flux emerges through the surface, are postulated There 
has not been time to test Neel’s ideas properly, but we already 
have some evidence of their essential correctness X 

* Cf tv F Brown, Rev Mod Rhyi 17, 15, 1845 InJuitnal aapocts of tho 
domain theory are considered very lully by G C Kichcr, Journ Iron and iSleel 
Inst 2, 90, 1944 

■f" L Ned, Journ dr Phys 5, 241, 1944 

} H J Whlliams, Fhys Rev 71, 64l>, 1947. 
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CHAPTER Xn 


RECENT WORK ON FERROMAGNETIC 
SUBSTANCES 

Introduction In Chapter II we studied the production and 
measurement of magnetic fields and described some of the 
more important properties of ferromagnetic substances In 
the present chapter we will discuss recent additions to our 
knowledge of these matters New methods of producing very 
strong magnetic fields, without the use of iron, have been 
devised Great developments have taken place in the manu- 
facture of permanent magnets, and we must now consider 
the behaviour of these substances more closely than was 
previously thought necessary We will also discuss certain 
hysteresis and magnetoelastic phenomena which have not 
been treated earlier in this book. 

Bitter Magnets For the production of intense fields. Bitter* 
has described magnets of new types in which only small 
quantities of iron are used, and some in which no iron at aU 
IS used The latter must, however, be supplied with currents 
of the order of 10,000 amperes at less than 170 volts The field 
is produced inside an arrangement which may be regarded 
as a very low resistance spiral of thick copper tape Actually, 
it consists of a set of overlapping circular copper discs (or rings 
with radial slots) separated by thin layers of insulation The 
successive overlaps are displaced regularly as one proceeds 
from the lowest to the uppermost disc, so that the net result 
is that one has a spiral of copper The outermost discs are 
soldered to heavy copper plates which m turn are bolted to 
the leads from a current generator The discs are bored and 
covered with water-resisting paint, so that a stream of cooling 
water can be forced axially through the system The water 
must be distilled, or, at any rate be pure, and may be pumped 
round the system and a heat exchanger which is cooled in 

• F Bitter, Sev Sa Instr 7, 47D end 482, 1936, B, 318. 1937, 10, 373, 1939 
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river water One of these magnets is capable of giving a field 
of 100,000 oersteds uniform to 1 per cent over a volume of 
25 c c 

The mam feature about the Bitter magnets in which iron 
is used IS that each of a pair of small powerful coils is surrounded 
by iron The coil itself provides the major part of the field 
For example, a spiral of copper tape of gradually increasing 
width was wound on a brass tube, as one current terminal, to 
form a coil with a conical end which was pressed into an iron 
ring serving as the other terminal When supplied with 
860 amperes at 25 volts and water cooled, a pair produced 
a total field of 33,000, of which 9000 oersteds was due to the 
iron The held was increased to 43,000 oersteds by inserting 
iron cores into the brass tubes 

Fields up to 200,000 oersteds over a cylindrical space 8 mm 
in diameter have been obtained by connecting a very big 
battery to a coil immersed in liquid hydrogen * Only a small 
quantity of liquid evaporates during an experiment, because 
the coil resistance is very low and the latent heat of liquid 
hydrogen relatively big (There seems to be little advantage 
in using hquid helium below the A point, since, although the 
resistance is smaller, so too is the latent heat involved ) 

TAe Froperhes of Permanent Magnets The magnetic pro- 
perties of high coercivity permanent magnet alloys may be 
investigated in a physical laboratory with ordinary equipment 
Manufactuiers of such alloys usually employ the magnetic 
testing gear described in B S I 406 This consists of a soft iron 
disc, mounted m ball-bearings between a pair of pole-pieces 
adapted to receive the magnet under test, and driven at 
a constant speed by a small electric motor Collecting brushes 
make contact with the spindle and edge of the disc, and the 
magnet under test thus provides the field of a simple dynamo 
whose B M E measures the flux produced by the magnet The 
magnetic state of the latter is varied by a magnetising coil 
of a specified number of turns, which encircles the magnet 
and which can be supplied with direct current, in the case of 


• W. J de Haas and J B Weatordijk, Nature, 158, 271, 1940. 
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horseshoe magnets two magnetising coils, one on each hmb, 
can be used 

Another method for dealing with bars of these alloys has 
recently been described by Jelhnghaus * The remanent induc- 
tion in the permanent bar magnet is measured by placing it 
between the poles of an electromagnet whose base contains 
a kind of well-made barrelled iron stopper which extends 
almost across the whole section of the base In the hollow of 
the stopper are the windings of a coil which is connected to 
a fluxmeter On placing the stopper with the plane of the 
windings perpendicular to the lines of induction in the iron 
and then rotating it quickly through 180 degrees, the flux- 
meter gives a deflection directly proportional to the flux 
through the iron, and this is assumed to he the same as the 
flux through the bar 

The magnetic potentiometer may readily be used in such 
measurements t If appears to have been used previously by 
Laooste-TayanJ, but only for the determination of the de- 
magnetisation factors of permanent bar magnets The poten- 
tiometer should be of the small type used by Wolman and 
by Bates and Lloyd Evans The most convenient method of 
manufacture is as follows A piece of ebonite rod, of circular 
cross-section for large models and of lectangular cross-section 
for small models, is used as a former and wound from the 
centre towards one end with No 40 s w g d s c copper wire § 
The winding is lightly coated with shellac and then wound 
hack towaids the other end to an equal distance from the 
centre It is again hghtl}! coated with shellac and wound back 
to the centre again, so that the two ends of the wmdmg emerge 
from the middle of ihe former The length of the former so 
wound with two laj'ers of wire is next heated over a flame 
while it is bent round a metal tube of chosen diameter, an 
adequate length of bare former material being available, and 
the uncovered portions are then tied together until the whole 
is cold The excess portions are removed and the feet of the 

* W Jellinghaus, Zeit fur lech Phya 12, 312, 1942 

■f L F Bates, Phil Mag 36, 297, 1945 

J H Lacoste-Tayan, Compt Pend 206 103, 1939 

§ Cf also T A Margeriaon and W Sucksmith, Joum Sci Inatr 23, 182, 1946 
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former are filed flat until the ebomte la almost down to the wire , 
the final removal of ebonite is done by careful rubbing on 
sandpaper until bare wire is just visible The number of turns 
in each half-layer of the potentiometer is carefully controlled 
and care taken to make the windings completely symmetrical 
The whole is finally given a heavy coat of shellac The fine 
end wires or leads are twisted together and wrapped twice 
round the middle of the potentiometer to provide material 
for repairs, which are necessary when the potentiometer is 
frequently used The ends of the thin leads are subsequently 
joined to thicker copper wires and then to copper flex 

It IS advisable to fix the two ends or feet of the potentiometer 
to prevent them from opening, as the ebonite tends to 
straighten This is best done in the case of larger potentio- 
meters by inserting the ends throngh two holes in a flat ebonite 
plate and cementing them in position In the case of small 
potentiometers a thread binding is sufficient 'J’he potentio- 
meter is calibrated during a set of measurements either in 
a standard solenoid or in a uniform field of an electromagnet 
with plane pole pieces, the former method is the more reliable 
In the above description of the making of a magnetic 
potentiometer it has been emphasised that the ends or feet 
surfaces of the potentiometer are made flat It is equally 
important that the surface of anv magnetic specimen upon 
which it IS placed should be reasonablv plane When these 
conditions are satisfied, the deflection, of a sensitive galvano- 
meter joined to the leads, winch results on removal of the 
potentiometer from the M^face of the specimen, is a direct 
measure of the field M acting upon the specimen in that 
region in which the potentiometer is placed Consequently, 
the complete {B, curve for the material of a magnet can 
be found by the following method 

The magnet, when in the form of a straight bar, is placed 
between the plane pole pieces of an electromagnet, or of 
a simple apparatus with adjustable gap designed for the pur- 
pose The middle of the test magnet is covered with a thm 
layer of (music roll) insulating paper and wound with 40 to 
80 turns of thin d,s,c copper wire, preferably in a single layer. 
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whose ends are connected to a fluxmeter, so that changes 
m B can be measured directly The corresponding values of 
3^ are obtained from the galvanometer readings when the 
potentiometer is placed with its feet astride the B coil clear 
of insulating material, and then removed quickly A con- 
venient potentiometer consists of 240 turns wound on a former 
of 0 96 X 0 30 cm “ cross-section, bent into a semi-oiroular arch, 
with a distance of 1 25 cm between the mid-points of the feet 

In the case of horseshoe magnets each test magnet is placed 
to bridge the gap of the electromagnet, its feet resting on the 
upper portions of the electromagnet pole pieces, which are 
flattened for this purpose over a reasonable area parallel to 
the line of electromagnet pole centres Of course , the maximum 
fields which can be applied are now considerably weaker than 
those available for straight specimens The B coil is wound on 
the arch of the magnet 

Prior to recording a set of (B, tT) data the test magnet is 
taken, through the full magnetisation cycle several times to 
get the material into a cyclic state For most purposes, only 
the demagnetisation portion of the {B, 3^) curve from 3^ = 0 
to = — ^ IS required Hence, at the start of each measure- 
ment the electromagnet current is adjusted to its maximum 
value and the potentiometer reading taken The magnet 
current is then switched off and the change of flux recorded 
Theoretically, the permanent magnet should now be in the 
state B = B^ and = 0 This is, however, rarely found to 
be the case, for, on taking potentiometer readings, small 
values of sometimes positiv^ and sometimes negative, 
are obtained These are due to imperfections of surface and 
to the way in which the magnet rests upon the electromagnet 
pole pieces The condition is, however, reproducible, and in 
what follows the corresponding mduction is denoted by B'^ 

The electromagnet reversing switch is now turned, the 
circuit resistances fixed at chosen values and the current 
Bgam switched on The permanent magnet then suffers partial 
demagnetisation, the change of flux being recorded by the 
fluxmeter, the new value of the demagnetising field is found 
by the potentiometer It is generally unsatisfactory to con- 
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tmue from this stage and observe further successive changes 
in B and 3^ There is always a danger of current fluctuation 
while IS being measured, and serious errors m the measure- 
ment of B can result Consequently, after each individual 
B, ^ reading, the magnetisation cycle is completed and the 
electromagnet current again adjusted to its maximum positive 
value It IS again switched off, the reversing key turned, the 
resistance adjusted to a new value and the current switched 
on Another change of induction from B'^ to a new value on 
the demagnetisation curve is thus obtained It will be seen 
that the maximum induction, B^^, and the apparent remanent 
induction, have to be found separately The former is 
half the sum of all the changes in B recorded as one proceeds 
from Bj^ to — -B„ without pausing to measure fields The 
latter is obtained from the change in induction, to 
which occurs when the current is reduced from its maximum 
value to zero All fluxmcter deflections should be calibrated 
by means of a standard mutual inductance whose secondary 
is permanently in series with the coil on the magnet Examples 
of (B,J^^) curves so obtained are reproduced in Fig 104 
Curve (u) was obtained with an alloy of 23 3 per cent cobalt and 
76 7 per cent platinum, in the form of a pohshed bar 2 02 cm 
long and 1 cm ^ in cross-section, and made ferromagnetic 
by keeping it at 650° C for three hours With materials 
of such high coercivity and comparatively low induction it 
IS necessary to correct for the lines of the applied field which 
are collected in the space between the B coil and the specimen 
on which it IS wound Curve (6) was obtained with a bar of 
sintered “alnico” 3 73 cm long and 0 90 cm x 0 85 cm in 
cross-section Curves (c) and id) were obtained respectively 
for “alcomax” and “alnico V” (“ticonal”) horseshoe magnets 
of simple design 

Bates* has also shown how the magnetic potentiometer 
may be used to investigate the circuit relations, p 76, which 
permanent magnets obey 

There is an interesting point to note in connection with the 
defimtion of coercive force If we plot B against 3^ and 

* L F Bates, loc cit 
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{B — Jf) against ^ on the same axes, the intercepts on the 
axis of ordinates must coincide, but those on the axis do not 
The coercivity, measured with the (B, Jf) curve is 



Fig 104 Demagnetisation curves of permanent magnet materials 

less than the coercivity, measured with the (B — 3^ , 3^) 
curve The numerical difference is small m the case of soft 
magnetic materials, but it is ically important m the case of 
permanent magnet materials, when must always be given 

The Economic Utilisation of Permanent Magnets We have 
seen on p 77 how the volume of magnetic material necessary 
for the maintenance of a stated magnetic held over a given 
air gap may be calculated It is desirable to examine this 
problem more closely in the light of recent work on the subject * 
Let us suppose that we have a horseshoe permanent magnet 
whose gap is closed by a piece of iron, and that, after energising 
the magnet, the iron is removed The magnet will work at 
point P on the demagnetisation curve determined by the total 
reluctance, i e resistance to the passage of magnetic flux, in 

* D J Deamond, Journ Jjiat Elect Eng 92, 229, 194S 
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the oircTiit The required flux in the gap will be obtained from 
a minimum of magnetic material if each cm cube is producing 
its maximum flux In addition to the useful field m the gap 
there is the leakage field m parallel with it Consequently, 
it IS convenient to work with the reciprocal of the reluctances 
associated with these two flelds and to treat them from the 
viewpoint of each cm cube of magnet material 
We may write 

6 = E A = - ^ ^ 

’ “ reluctance total reluctance r ’ 


whence ^ = jp, say 

The quantity p is called the total unit permeance, because it 
refers to one ait cube of the material, we have here assumed 
tha.t ^ and that each unit volume of the magnet 

behaves exactly like its neighbour, and both these assumptions 
are only approximately correct If we further postulate that 
all the leakage occurs in the immediate region of the gap, we 
may write 

Total unit permeance 

= usejul unit permeance + leakage unit permeance 


or p = p„ + p, 

Turning now to the (B, curve. Fig 105, w'e draw the 
hne OP through the origin and the working point P of the 
magnet, so that tan POiS = = p The line OP is called 

the total permeance line of the circuit Drawing a line OC, 
such that tan COS = (leakage per c c )/J^, we obtain the 
leakage permeance line The total flux supplied per c c of the 
magnet is PS, of which PX' is useful and X'S is leakage The 
field required to maintain this flux is = OS, so that the 
total energy supplied per c c of the magnet is PQOS of which 
PQO'X' IS useful and X'O'OS is leakage We may note that 
(tanPO*S/tan COS) — q 

It 18 evident that, for the magnet to have the maximum 
efficiency, P must coincide with the (-B^)niax pomt This 
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means that a definite value of p is required for optimum 
performance, and if for a given magnet we calculate the 
reluctance of the air gap and assume a value of q, then the total 
reluctance r can be calculated and the total volume of the 

magnet found from q r. 



Fig 105 Permanent magnet working without recoil and with parallel leakage 

The concept of useful flux is rather more helpful when we 
apply it to magnets which are said to be used under recoil 
conditions Let us take a pair of identical horseshoe magnets 
and place them in contact to form a completely closed mag- 
netic circmt, when they are to be fully energised In order 
to use one of these magnets, the pair must be separated, 
whereupon the magnetisation falls from the point to the 
pointPonthe(JJ,J?’) curve, Fig 106 On placing the magnets 
together again, the magnetisation follows, not the initial path 
PB„ but a hysteresis line PR, known as the recoil line, which 
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we will assume to be straight The Ime OP represents the 
leakage permeance line on open circuit, i e , with the magnets 
far apart If the magnets are now brought together so that 
a fixed gap exists between one pair of their opposing surfaces 



Fig 106 Permanent magnet working with recoil and parallel leakage 

(while the other gap is closed by iron), the magnetisation 
rises to some point X The total flux available is now XS, 
and the useful flux is given by XX' The slope of O'X is equal 
to the recoil useful unit permeance and the area XQ'O'X now 
represents the useful energy The latter is a maximum when 
X IS halfway between P and R, when it is easy to see that the 
maximum recoil useful energy is half the area of the triangle 
OPR It IS therefore desirable to make this triangle as large 
as possible, a condition which will uniquely fix the position 
of P The way in which these several quantities may be 
determined by experiment has been described by Bates • 

* L F Bates, loc at. 
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The slope of the line PR, assumed straight, is equal to 
Pu — Pu 80 that the value of for any given value of p, may 
be determined It is easily shown from the geometry of the 
figure, and assuming that the slope of PR la practically 
independent of the point P, that the area of the triangle 
OPR IS a maximum when P lies below the point, 

16 at a numerically greater value of the demagnetisation 
field Hence, for maximum useful output of a magnet both 
and /)( must have critical values Tables of maximum useful 
energy, useful unit permeance and leakage unit permeance 
may be drawn up to guide us in the design of efficient magnets 
One outstanding feature of the above treatment is that it 
shows that in some cases one may get a more efficient magnet 
by altering the leakage A number of examples of permanent 
magnet design will be found in the paper by Desmond * 

JVeic Permanent Magnet Materials The composition and 
properties of some of the more important permanent magnet 
materials are given in the following table f 

TABLE XVII 

I Perccntogt < omposition Properties (.iitraRo) j 


Material 

Al 

Ni 

Co 

('u 

Fc 

Jir 

g lUSS 

He 

oersteds 

giiU'js oersteds 

Aim 

IJ 

24: 


J 5 

59 5 

fi,2(IO 

480 

1 25 

Alnico 

10 

IN 

12 

0 

54 

H.OOO 

500 

1 7 

Alnico V 

y 

14 

24 

3 

51 

12,000 

325 

40 

Alcomax II 

N 

11 

.iC 

6 

51 

12,400 

570 

43 


It was found, somewhat unexpectedly, that the magnetic 
properties of permanent magnet materials are greatly in- 
fluenced by exposing them to a magnetic field iv hile they are 
under heat treatment The first experiments were made by 
Oliver and Shedden,J who found that by cooling alnico in a 
field of 4400 oersteds from 1200° C , (-B^)max increased 
from 1 5 X 10® to 1 8 X 10® gauss-oersteds The changes are even 

* J Desmond, loc cit 

^ K Hosnhtz, Journ ItiMt 23, 65, 1946 

] D A Oliver and J W Sbeddon, Nature, 142, 209, 1938 
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more marked with alloys of higher cobalt content, which were 
previously regarded as uneconomical for the manufacture of 
permanent magnets, and values of of up to 

5x10* gauss-oersteds can now be obtained in one direction, 
the properties in a direction perpendicular thereto are, of 
course, less good 

The new materials are usually tempered at about 600° C 
after heat treatment , the exact cooling speed and tempering 
temperature, etc , depend on the composition Hence the 
magnets are faiily stable when they leave the makers 

Magneto-resistance It is desirable to disous‘. further some 
of the phenomena described on pp 293 and 294 This may be 
done conveniently by reference to some measurements of the 
magneto-resistance of high coercivity alloys * 

Suppose we take a thin rod of the material whose resistance 
in the unmagnetised state is and measure the changes 
dU, and which respectively occur when a magnetic field 
3^ is applied parallel to and perpendicular to the long axis of 
the rod, and plot the values ARJRf^ and ARJRg against 3^ 
This requires a definition of the unmagnetised state, which 
we wiU define as the state of the rod when, by means of 
a magnetic potentiometei, no difference of magnetic potential 
can be found over its length Uiifoitunately, there is some 
ambiguity in the mattei, since, for example, this result is 
obtained when the magnetic vectors are either all aligned 
parallel and antiparallel to the long axis of the rod, or are all 
aligned perpendicular thereto, in such a way that there is no 
resultant magnetisation 

Several workers have shown that, for a pure specimen of 
a ferromagnetic metal, AR^JR^ normally shows a marked initial 
increase with the applied field, it rises to a maximum and 
eventually decreases linearly with the field, so that in very 
high fields it may become zero and, indeed, change sign In 
the present work, a specimen of pure cobalt was used for 
comparison measurements, and the upper curve of Fig 107 
shows the typical variation of ARJRg When the direction 

• L F Bates, PKys Soc Ptoc SB, 1S3, 1946 
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of 18 perpendicular to the direction of the current in the 
specimen, the values of are at first subject to com- 

plications due to the high value of the demagnetisation field, 
D I , but when the demagnetisation field is overcome, the 
value AR^IRq falls rapidly with increase in and finally 
decreases with the applied field at the same rate as dJSn/iJo, 
as shown by the lower curve in Fig 107 The two pomts 



Pig 107 Magneto-resiatance of cobalt 
# Longitudinal field 0 Transverse field 

nearest the origin on the lower curve he above the axis, 
but this IS merely because the specimen is of finite cross-section, 
and its long axis cannot be placed absolutely at right angles 
to the applied field, consequently, a small longitudinal com- 
ponent IS always present 

The mam features of the curves of Fig 107 may be explained 
on the Weiss domain theory of ferromagnetism, if we suppose 
that magneto-resistance changes occur only when domain 
vectors turn through angles between 0 and 90 degrees or when 
boundary displacements take place between neighbouring 
domains whose vectors are perpendicular to one another, and 
that they do not occur to any marked extent when vectors as, 
for example, those parallel to a direction of easy magnetisation 
in a single crystal, turn through 180 degrees In order that 
Ohm’s law may be satisfied, the resistance of a polyorystallme 
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specimen of a ferromagnetic metal must be a function of 
cos^ 8, where 6 is the angle between the direction of the current 
m a portion of the specimen and that of the field when satura- 
tion conditions set in , the bar denotes the average taken over 
all portions of the specimen Hence the resistivity of the 
material may m general be written as 
p = A^-B cos^ 0, 


where A and B are constants 


In an isotropic demagnetised 
state oos“(9 would have the value giving p = Pa~ -^ + 
Under saturation conditions, with current and field parallel, 

we have . „ 

(Pdsat = ^ T -D. 


and, with current perpendicular to the field, 


(^x) 8 at 

Since, in practice, we measure relative changes of resistance 
only, it IS more convenient to write for the general case of 
non-iso tropic material, starting from p^ = A -vB 

_ il(l-co^ 

I Bq /aat A + B eob ‘80 ' 

/‘dEA _ —Bcos^8„ _ 

\ /gat A + B cos^Oj 

\ ^0 /sal \ ^0 /suf A + B COs ‘0 

wh.nc, 

In the case of isotropic material, it follows that 
should be equal to — as found by Thiessen* for 

annealed nickel, and, moreover, the last equation means that 
and must have opposite signs or (^iJuloat 

be zero The value of 6 , which is the relative change in re- 
sistance when the magnetic state of the specimen is changed 
from transverse to longitudinal saturation, is clearly inde- 
pendent of the imtial state of the specimen and, practically, 
of the value assumed for It should also be the same for 
• G Thiesaen, Ann der Phya 38 , 167, 1940 
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polycrystalline as for single-crystal specimens. Positive 
values of b have been found for all materials previously 
investigated to date 

It is generally agreed that the intensity of magnetisation 
of each Weiss domain may be increased slightly by tbe applica- 
tion of a strong field, and this is the reason for the linear rates 
□f change of AR,jRg and ARJRg at high values of the field, 
as depicted in Fig 107 Theoretically, the two rates should 
be equal, as is the case for the cobalt specimen within the 
hmits of experimental error The values {ARJRg)s^i and 
(ARj^/Rg)gg^i refer to saturation conditions extrapolated to zero 
external field Consequently, to find the required value of 
(R,IRo)a^t from Fig 107, the linear portion of the upper graph 
must be produced to cut the axis of ordinates, .since we may 
neglect longitudinal demagnetisation effects The linear por- 
tion of the lower graph must be produced to cut the ordinate 
at = 2nlg, whore /, is the value of the intensity of mag- 
netisation, obtained by producing back the (/, ) curve at 

high fieldvalues to cut the I axis, and 27t is the demagnetisation 
factor for a long narrow cylinder or rod magnetised at right 
angles to its long axis 

The interesting fact emerged fiom these expeiiments that 
the resistance of every modern high-coercivity alloy investi- 
gated IS always decrea.scd by the application of a magnetic 
field, whether parallel or perpendicular to the diiection of 
the current, apart from one or two small exceptions to this 
rule when very small fields are used, and these are readily 
understood A similar behaviour liad previously been noted 
only in the cases of Heusler alloy and copper-rich alloys like 
constantan Now, according to the preceding equation, the 
theory of domain magnetisation requires that ARJR„ and 
AR^lRf, extrapolated to zero effective field from measurements 
made in strong fields should have opposite signs, which is in 
flat contradiction with the experimental data An obvious 
suggestion to overcome this difficulty is that the magneto- 
striction deformations of the domain boundaries or, possibly, 
of the boundaries between the metal grams, play an important 
part Nothing is known about the magnetostriction properties 
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of high coercivity alloys, and it may be that their determina- 
tion will throw light on the problem It is also interesting 
that in all cases the value of b is positive or zero within the 
hmits of experimental error, and we are again forced to the 
conclusion that the mam resistance changes measured may 
be due to changes in the boundaries between the metal grams 
This raises the interesting question of the reason for the 
marked directional properties of alcomax, and one wonders 
if they are to be attributed to the boundaries between the 
grains No fundamental differences between the nature of 
the boundary m cast and sintered metals were found in these 
experiments 

Evpariment^ on Single Crystals Kondorsky,* and Becker 
and Donngif have pointed out that Williams’s “picture- 
frame” experiments on single crystals, p 159, can be inter- 
preted as showing that there exist preferential directions of 
spin orientations in the crystal, i e the numbers of spins 
parallel and antiparallel to the three axes are nut equal 
Denoting the numbeis for the directions [100], [110] and [111] 
hyp, q and r respectively, and wnfiiig p = 1, g = r = 0 when 
JT is parallel to the [100] direetion, p = q and r = 0 when is 
parallel to the [110] direction and p r= q = r = \ when 3^ 
is yiarallcl to the [111] direction, it is easy to show that the 
initial auhceptibilitios parallel to tliese three directions are m 
the ratio 0 3 2, vliith is in accord with the experiments 
Okaniuia and HironoJ made picture frame single crystals of 
nickel 8 0 X IS 6 mm u ith cross-section (1 96 x 1 89) mm the 
sides being parallel to the [111] direction The initial mag- 
netisation and hysteresis curves were found at different 
temperatures by the ballistic method The interesting feature 
of the results is that B^, and J/Zd/ each rise to a maximum 
at about 100° C , and while Zf, is 2 4 oersteds at room tem- 
peratures, its value at — 190°C is only 0 7 oersted, but one 
is inclined to ask whether a trace of some impurity, e g copper, 
might be responsible 

* E Kondoraky, Phyi Rev 53, 319, 1938 

■j" R Berker and W Coring, Ferromagnetismue, p I'lS, Springer, Berlin, 1939 

J T Okamura and T Hirone, Phys Rev B5, 102, 1939 


305 



BBCENT WORK ON FERROMAGNETIC SUBSTANCES 

Becker's Theory and the Kaya Relation Equation (110), 
p 159, has been proved by Becker to follow from his theory 
that, as we reduce the field on a ferromagnetic single crystal, 
only rotations occur until, at / = I^, boundary extensions 
suddenly come into play Incidentally, Kirkham* showed 
that at about 200° C the [100] direction becomes the direction 
of easy magnetisation in nickel 

Von Engel and Willsf have discussed the behaviour of the 
component of the magnetisation perpendicular to an applied 
field They emphasise that, on the above theories, shou d 
increase for low values of whereas experiment shows that 
it IS zero They therefore suggest that the magnetisations of 
the domains must be pictured as distributed continuously m 
angle, and, by assuming that the proportion of the volune 
of the domains magnetised in a given direction is the greater 
the less the energy of magnetisation in that direction, thsy 
find reasonable agreement with experiment 

The Torqw Magnetometer The use of a torque magneto- 
meter was mentioned on p 162, 
and one form is shown in Fig 
108 The specimen, in the form 
of a disc, IS clamped on the 
carrier C, mounted on a phos- 
phor bronze shaft between the 
jewelled bearings and B^ 

To the upper end of the shaft 
IS fixed a pointer P, which 
moves over the lower semi- 
eircular scale iSj and fixes the 
position of the disc with respect 
to the lines of force The upper 
pointer Pj, situated above the 
upper scale iS^, serves to mea- 
sure the torque in the suspen- magnetometer 

Sion The magnetic field is applied between two flat pole-faces, 
^jS, each attached to an iron core 5 cm sq andSOcm long Flat 

• D Kirkham, Phys Rev 52, 1163, 1937 

t A von Engel and M S WiUa, Ray Sac Froc A, 188, 464, 1947 
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pole-faces are not strictly necessary, as the torque approaches 
a limit asymptotically at high fields, a field of 2000 oersteds 
giving a torque of about 80 per cent of the maximum value 
The torque per c c of crystal is given by the general ex- 
pression 

r = —dEjda. in the limit where I approaches 3^ when 
3^ IS large, 

= — K^(2 am 2a.„ + 3 sin 4a„)/8 

(where oLg is the angle between the applied field and the [100] 
direction) The value of Ki can then be obtained by trial to 
make the theoretical curve fit the experimental one 

In the case of an unannealed disc cut from hard rolled 
sheets we find amsotropy similar to that for a single crystal, 
because rolling causes the crystals to become orientated in 
a special manner For example, an unannealed nickel disc 
may be regarded as made up of about equal numbers of 
crystals in the two possible positions with their (110) planes 
in the plane of the sheet and their [111] directions coincident 
with that of rolling The theoretical expression for the torque 
per 0 c in this case is 

r= Ki{7ain‘i^+2Bm/})j2‘l, 

where /? is now the angle between the direction of rolling and 
that of the applied field, and A'] is not, of course, the anisotropy 
constant Again, an annealed mckel disc gives rise to 

a torque F = — A] (sin 4/7)/2, similar to that for a single crystal 
disc cut parallel to the (100) plane, the direction of rolling 
being [010] Hence, annealing does not produce a random 
crystal distribution but merely changes the preferred orienta- 
tion of the crystals Bozorth and Wdhams* find that certain 
apparent anomalies, obtained with discs of low demagnetisa- 
tion factor cut parallel to the (110) and (100) planes, the 
torque passing through a maximum before the final approach 
to saturation, are readily explained on the domain theory 

Rotational Hysteresis If we place a single disc of mag- 
netically isotropic material in a uniform magnetic field 3^ 
* R M Bozorth and H J Wilhams, Phya Reu 59, S27, 1941 
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whose lines of force are parallel to the plane of the disc and 
rotate the latter about an axis through the mid-point and 
perpendicular to the plane of the disc, then the intensity of 
magnetisation I will lag behind ^ by an angle a Conse- 
quently, a uniform torque Jf/sino: per c c of material will 
be needed to rotate the disc, so that the energy wasted in 
rotahonnl hysteresu will be sin a. per cycle, independent 

of the rate of rotation of the disc Theoretically, it is therefore 
possible by measuring the torque for very small rates of rota- 
tion to avoid eddy current disturbances and so determine the 
relation between and / 

We saw, however, that rolled sheets have pronounced 
directional properties, so that a disc cut from rolled sheet will 
experience a torque which changes its direction as the disc 
rotates The latter torque is often about one hundred times 
as great as the hysteresis torque in the case of magnetically 
soft materials, and so measurements on a single disc do not 
enable us to obtain reliable information about hysteresis 
losses We therefore use a composite disc made up of three 
identical discs so supei imposed that corresponding diameters 
on the discs are relatively displaced through angles of 0, 120 
and 240 degrees respectively * 

The general expression for the torque per c c on a single 
thin disc of polycrystalhne material is, neglecting hysteresis, 

P = d sm 2(a-|- (Jj)-!- if sin 4(a-|-<!ij) + Csin fifa: -|- (y,.), 
where A, B, C, and are constants In the case of the 
composite disc this expression reduces to Csm 6(a -|- dj), 
a value which is usually so small that it is unneoessary to 
reduce it further by making the composite disc of more 
components Introducing the torque per c c due to 
rotational hysteresis, we have for one direction of rotation of 
the composite disc 

7^1 = Csin 6(a-)- 
and for the opposite direction 

r^ = C sm 6(a -I- (Jg) — Fjf, 
so that Fjf = — T’j) 

* F Brailaford, Joum Inst Elect Eng 83, 566, 1938 
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In practice, the terms m 2(a. + S^) and 4(a + (?^) are not 
entirely absent when a composite disc is used /’j and are 
measured with a torque magnetometer as follows The apphed 
field IS fixed and the composite disc rotated in a clockwise 
direction through one revolution to occupy a standard position 
in the field The values of B and the effective field JF are 
obtained by ballistic methods Curves of rotational hysteresis 
loss and of M!’ plotted against 47r/ are shown m Fig 109, 
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Fig 109 Rotational hysteresis loss and magnetisation curye 
for sibcon steel transforincr 

these were obtained with a composite disc 1 Jin in diameter 
There appears to be a sharp rise in loss when I reaches about 
0 7 of its technical saturation value, i e m the region of the 
“knee” of the /, 3t curve It is important that these experi- 
ments should be extended m order that we may obtain an 
accurate knowledge of the exact relation between rotational 
hysteresis loss and magnetisation, and. hence, of the tunda- 
mental mechanism of hysteresis in general 
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Further Studies on the Approach to Saturation We will now 
turn to some experiments which have bearing on current 
theonea of ferromagnetism, and we will first consider an 
elaboration of equation (167), p 242 For low fields we find 

= (167 a) 

Polley* has shown by experiments on polycrystallme nickel 
that equations (167) and (167a) may be combined, and we 
may write for the differential mass suaceptibibty 

X = Alje^ + BlJe^ + X, (1676) 

which becomes {x~Xc) = {A + 

where Xc is the practically constant value of the differential 
mass susceptibility in very high fields at a given temperature 

The term A^^'^ is of particular interest, for, if rotational 
magnetic processes alone were present in the domains, it 
would entirely represent the variation of x Fiom the value 
of A this conception allows us to calculate the crystal energy 
K-^ defined on p 161, ^ is a function of T, increasing rapidly 
with approach to absolute zero, A'j also increases with decrease 
in temperature and reaches a saturation value at absolute 
zero It IS difficult to find satisfactory explanations for the 
occurrence of B and Xc B increases with fall in temperature, 
but below 20° C variations m B can no longer be detected 
and the term is unimportant compared with that in A, it 
cannot be explained by thermal agitation of the domains 
Xc decreases with fall in temperature but below — 20° C its 
behaviour cannot be followed It is some ten times larger 
than would be expected if it were due to incomplete saturation 
witbin the Weiss domains, and this parasitic magnetisation, 
cf p 251, seems to depend very much’ on the presence of 
impurities 

We may add that iSanford and Bennettf found (r„ = 218 0 

emu per gm for a specimen of very pure iron 

Ferromagnetic Oadohmum Ferromagnetic gadolinium is 
extremely interesting in that the value of p^a for T>df 
• H Polley, Ann der Phys 36, 625, 1919 

f B L Sanford and E G Bennett, Joum Bur of Bids 26, 1, 1941. 
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la found equal to 7 95, compared with the calculated value 
from \/4^(S +1)='\/4x|x|^ = 7 94, while its saturation 
moment for T <6j\s found by direct experiment to be 7 15 
compared with = 7 The agreement is most striking, 

and this metal provides the only known case where the experi- 
mental values of aViovc and below the Curie point agree 
with theory 

Ned’s Work on Alloys The theoretical importance of the 
work dcNCiibed on p 252 becomes more clear when we discuss 
the algebraic increase in the number of Bohr magnetons when 
one atom of the solvent metal is replaced by an atom of the 
dissolved metal For the undermentioned metals dissolved 
in nickel* we have 


TADLE XVIII 


Mc-til 

/n 

Al 

Ti 

.Si 

hD 

V 

iSb 

Mo 

w 

A/i 

-2 1 

-J (t 

-3 8 

-.*14 

-42 

-5 2 

-4 B 

-5 4 

-6 8 

Met i] 

Cr 

Ft 

Au 

c« 

Atn 

Ru 

Fe 

Co 


Afi 

-4 4 

-0 0 

-08 

-10 

H 24 

-2 8 

4-28 

+ 12 



From this table it follows that for solid solutions of non- 
ferromagnetic metals iii nickel — J/t is equal to the number p of 
the external or valency electrons of the dissolved metal, within 
the limits of experiment, al error In the case of ferromagnetic 
metals — zl/i is equal to the difference in the total number of 
external electrons of the dissolved metal and nickel atoms Thus, 
palladium which has the same external electron configuration 
as nickel, gives Ay = 0 This rule is, however, appioximate 
only In the case of metals dis, solved in iron a large number 
behave simply a,9 diluents, viz Si, Al, Cr, V, Au, Sn, Mn 
and Zn, with zl// = — 2 2 (approximately), which is in marked 
contrast with their behaviour in nickel 

An Extension of Sadi on's Work on Alloys More recent 
workf has shown that ceitain elements of the platinum group 

* L Neel, Le Magmtiime n, 97, .Strasbourg, 1940 
t M Fallot, Ann de Phya 10, 291, 1939 
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are very effective in increasing the magnetic moment of the 
iron atom as shown in the following table. 


TABLE XIX 


Metal 

Ru 

Rh 

Pd 

Os 

Br 

Pt 

Increase in Bdhr 
magnetons 

00 

-hlO 

^-02 

- 1 b 

-1-0 9 

+ 20 

Per cent atoms 
added (max) 

0 5 

20 



5 

G 5 

70 

10 0 


The maximum moments observed with 7 5 per cent indium, 
20 per cent rhodium and 12-4 per cent platinum are 2 28, 
2 42 and 2 43//^ respectively compared with 2 46/j^ for 25 to 
30 per cent cobalt 

Explanation of the Magnetic Properties of Alloys Farincau* 
examined the width of the L X-rays emitted by the transition 
elements and proved that the 4s electrons behaved as more or 
leas free, so that their properties would be those of an energy 
band very similar to the parabolic band of free electrons 
Hence, the 48 electrons can be pictured as forming an atmo- 
sphere common to the whole volume of the alloy, at the same 
time the saturation value of its ferromagnetism can be obtained 
from the total number of holes in the 3d bands of all the atoms 
in the alloy Actually, when an alloy is formed of a magnetic 
element (nickel) and a non-magnetic element (copper) the 
number of positive holes is referred to the magnetic atoms 
only 

Neel has calculated on these lines the average number D of 
positive holes in the 3d band per magnetic atom, and the 
average number S of 4s electrons which is found from the 
constitution of the alloy and the number of positive holes in 
the 3d bands On plotting the values of S against D, the points 
corresponding to the same families of aUoys, e g nickel-cobalt, 
fell on separate curves The points characteristic of iron, 
nickel and cobalt fell on the lines S — D = 2, S — D = 0, 
S — D = 1 To the left of the hne S — D = 0 were the mckel 


• J Farnneau, Ann de Phye 10, 20, 1938 
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alloys with non-ferromagnetics, here iS remains practically 
constant, as if the valency electrons of the added metal filled 
up the positive hoies in the nickel band Again, in the Ni-Co 
and Ni-Fe alloys, S changes slowly as a function of D and 
depends to some extent upon the nature of the alloy On the 
whole, then, for the alloys just mentioned, the density of the 
4s electron atmosphere may be considered practically con- 
stant But iron-rich alloys give quite different results and 
there is a rapid fall in S with increase in D reaching a minimum 
for pure iron itself 

Neel therefore pictures a transition metal as a mixture of 
ions — 1 e atoms surrounded by their 3d electrons — immersed 
in an atmosphere of 4a electrons whose electron pressure is 
measured by S Thus, in the case of nickel, one ion possesses 
zero magnetic moment and is a neutral 3d*“ ion, while the 
other IS a 3d* or a more highly ionised earner There is an 
equilibrium between, the two which can be influenced by the 
addition of a electrons For example, Pd is made less and leas 
paramagnetic by the occlusion of hydrogen until 0 65 atom 
of hydiogen per atom of Pd is added This is because S for 
Pd IS about 0 6, and the added hydrogen electrons fill up the 
positive holes Rado and Kaufmann* point out that many 
elements, e g Al, V, Cr, Rn and Au haveloosely bound electrons 
which do not go into the 3d band of iron, so that the imtial 
change of satui ation magnetic moment of the iron atom with 
increase in concentration of the alloyed metal is zero 

If we dissolve a nickel atom in a metal in which S > 0 6, 
the nickel will tend to form 3d*® ions with zero magnetic 
moment This is what happens when nickel is dissolved in 
the monovalent metals Cu, Ag and Au, when paramagnetism 
varying with the temperature does not arise Bates and Bakerf 
found that, in freshly prepared dilute solution in mercury, 
nickel exhibits a large paiamagnetism more or less inde- 
pendent of the temperature, i e it behaves as antiferro- 
magnetic At 225° 0 , however, a sudden change sets in and 
the nickel becomes feriomiignctic,J simultaneously, resistance 

• G I llado [ind ARK Rev 60, 336, 1941 

"!■ L F Jiatos and C T W Baker, Phys Soc Proc 52, 43C 1940 
J L F BaLca and J H Bicntjce, Phys Soc Proc 51, 419, 19d9 
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changes occur and these are consistent with the view that 3d* 
or 3d* ions are formed in place of Sd'* ions, the electrical re- 
sistance increasing by the passage of conductivity electrons 
from the s band to holes in the d band In frozen amalgams 
at —78 5“ C the metals iron, nickel and cobalt behave as if 
they possess specific magnetisations of 130, 45 5 and 190, 
instead of the values 220, 67 6 and 1 63 9 c g s units per gm , 
respectively, found for the pure metals in bulk 

Depression of the Curie Point On dissolving certain metals 
in nickel there results a loss in the saturation atomic moment 
which IS directly proportional to the number of the external 
or valency electrons of the dissolved metal Manders* showed 
that a similar linear relation exists between the lowermg of 
the Curie point of nickel per atom of dissolved metal and the 
number of its valency electrons Neel considers that this is 
because the dissolved atoms, in replacing those nickel atoms 
which have no magnetic moment, set with their electron spins 
antiparallel to those of nickel, so that we are justified m 
assuming that the carriers responsible for ferromagnetism are 
also responsible for paramagnetism The law which these 
alloys obey is y = a + Cj(T — d), and the constant a may be 
regarded as a measure of the deformation of the couples of 
antiparallel spms, resulting in a paramagnetism independent 
of the temperature 

A very striking result is obtained in the case of zinc dissolved 
miron, even up to a concentration of over 16 atoms per cent, 
the Curie point decreases regularly at the rate of 6° C for each 
atom per cent of added zinc In the case of elements of the 
platinum group we have the results in the following table 
for the lowering of the Curie point per atom per cent dissolved 


TABLE XX 


Metal 

R« 

Rh 

Pd 

Oh 

Ir 

Ph 

Lnwenng of Curie 
point 

Ifa 

2 

3 

11 

4 

0 

Maximum cone of 

10 

6 

6 

5 

45 

6 

dissolved metal 








• ii S Maudura, Ann, <£e Phya 5, 167, 1936 
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New Saturation Measurements with Alloys Sucksmith* has 
used hia ring balance, p 105, for rapid measurements on the 
saturation intensity of a laige number of ferromagnetic alloys, 
for the determination of their equihbnum phase boundaries 
The specimen is roughly cut to the form of an ellipsoid 
40x15x15 mm and held in a platmum-indium holder, 
which does not contaminate The holder is attached to a vertical 
molybdenum rod connected to the balance, the latter bemg 
suitable for forces of the order of 6 to lOgm weight The 
specimen occupies a position of maximum d^jdx between 
the poles of an electromagnet whose comcal poles-tips are 
machined to have three plane faces for maximum efficiency 
The balance records a small deflection proportional to 
trm d^jdx when a strong field Jf’ is excited, m bemg the mass 
of the specimen and o' its saturation intensity per gm 

Fluctuations of the Internal Field We have to provide an 
explanation of the fact, mentioned on p 257, that the satura- 
tion magnetisation of nickel at very low temperatures is 
usually much lower than that corresponding to the magneton 
number deduced from experiments above the Curie point 
It would seem from the experimental data that the number 
of magnetic carriers increases as a metal passes from the ferro- 
magnetic to the paramagnetic state, but this is a conclusion 
which must not be accepted without rigorous exammation 
We must also explain the occurrence of the two Curie points 
dj and d, and see what place they have in the formulation of 
a satisfactory magnetic equation of state 

Neelf has discussed these matters on the hypothesis that 
the interactions between magnetic earners in a ferromagnetic 
substance depend on their proximity in such a way that we 
may distinguish between long-range and short-range inter- 
actions which give use to the mternal field and to purely 
paramagnetic behaviour, respectively In the usual (1/;^;, T) 
curve a continuous curved hne represents the somewhat 
complicated relation between Ijx and T which is attributed 

•AT Pickles and W Sucksmith, Roy Soc Proc A, 175, 331, 1940, K 
HoHQlitz and W Sui-k'iraith, Roy Soc Ptoc A, 101, 303, 1942 
t L Keel, Le Magndtisnie, u, 67, Stros , 1940, Joum de Phys 5, 104, 1934 
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to short-range interactions Since the effect of the Weiss field 
IS to introduce a constant contribution equal to Vf,p„ to \jx, 
the net result of its presence is that we have to draw a new axis 
of temperature at \jx= ■'oPo then find that dj and 0 are 
respectively given by the intersections of the continuous 
curved line, and of the straight line asymptotic to it at high 
temperatures, with this new temperature axis 

For the purposes of ease of calculation, Neel assumes that 
the magnetic carriers in a ferromagnetic substance occur in 
groups of N with equal interactions between any two of them 
Let us suppose that p of these carriers set parallel to the 
direction of an applied field while the remainder q set anti- 
parallel thereto Assuming that the magnetic moment of each 
carrier is /i and that a field is acting, the potential energy 
of the group is given by 

W = pq(i} —(p — q) 

where w is the mutual potential energy of any two antiparallel 
carriers Hence, the probability P(p, ,) that any particular 
arrangement (p, 3 ) may exist is given by 

lAT / IN 

^ * 1? I? / 1? i? 

where E includes all the positive values of p and q which 
satisfy the relation p + q = N Since the magnetic moment 
of the (p, g) configuration is (p — q) p, and that of the group is 
E(p — q) j^P^p g), it follows that the magnetic moment per gm 
IS equal to 

_ _ yV 

CT — UgE ^ 

where tr^ is the saturation value when all the carriers afe 
parallel to the field The last equation may be written as 

O' = o'„(aJ^ — 

and, by comparison with the experimental results for nickel, 
the above constants may bo found For example, it is easy to 
show that the mitial susceptibility Xo equal to izcrg, and that 
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the value of 0 la given by u>(N — l)j2k The Curie constant la 
equal to a-g/ijk By plotting the values of 3(l/x)/3T against 
T for chosen values of N, a set of curves is obtained, and the 
value of N which best fits the experimental results can then 
be picked out The value thus found for N in the case of nickel 
IS 750 With £rj = 57 5eniu per gm there is excellent agree- 
ment between the calculated and experimental {l/x, T) curves 
The paramagnetic Curie pomt 0 is thus much more funda- 
mental than Of, for the difference O — Oj is fixed entirely, on 
this hypothesis, by the number N of interacting carriers m 
the group, when it is large, d and dj coincide The number of 
carriers in the group thus represents a kind of coefficient of 
fluctuation, if it IS small the fluctuations produce marked 
effects, if it IB large a pure Weiss field obtains 

Returning to the first equation we have, below dj and m 
its neighbourhood, 

W = pq(i>-(p — q)fi(3^vpa-), 

so that, using the expression for cr, we may calculate W, it) 
and cr/tTg as a function of (J^f’+vpir) = m, to which we may 
give chosen values Taking N = 760, 6 = 642 8° K ,vp = 2400, 
kd/cTg/i = 12,000, = m — 0 02d<rjag, we may plot a mag- 

netic isotherm as a function of (rjcrg and Its intersection 
with the line = 0 will give the value „ for the 

spontaneous magnetisation at the temperature of the. isotherm 
The cuive of y/cr,„ „ so deduced is in very good agreement 
with the experimental results of Weiss and Forrer 

The internal field decreases with rise in temperature because 
of an increase in the mean distance between the carriers due 
to expansion and to atomic vibrations Neel considers that 
it varies accoiding to the expression 

= "o/fufl - 2 23 X 10-‘T) 

in the case of nickel Taking account of these features N6el 
calculated and plotted the values of cr„ y/ir,,, „ as a function 
of T/0 for the three cases J = i, J = 1 and J = I The J = 1 
and J = 2 curves are much more in accord with expeiiment 
than the J = \ curve If the earners are distributed m an 
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energy band, it can be shown that J = \ fits the facts better 
than J = \ The curve for J = \ m Fig 78, p 265, was, of 
course, computed without taking account of the fluctuation 
or thermal variation of the internal field The value J = \ 
IB consistent with the specific heat data and with the value 
of the Curie constant For, the latter should be given by 
G = {y ii%jZR)^J{J +1), where y, the number of magnetic 
earners per atom of nickel, takes the values 0 606, 0 303 and 
0 202 for ^ = J, J = 1 and ./ = f respectively, so that the 
corresponding values of C are 0 197, 0 262 and 0 328, while 
the experimental value is 0 323 + 0^002 


Order and Disorder Phenomena We can much more ap- 
propriately treat the problem of the transition from ferro- 
magnetism to paramagnetism as one of transition from an 
ordered to a disordered state according to the theory of Bragg 
and Wilhams* for a simple A, B-type aUoy In the general 
case the numbers of A and B atoms are respectively repre- 
sented by rn and (l—r)n where r ^ J, and, in a state of com- 
plete order they occupy lattice points which are termed a and 
P sites As some atoms may take no part in an order-disorder 
transition, n need not be equal to the total number of atoms 
in the lattice, for example, iron atoms always occupy the 
cube corners in the Fe,Al lattice The degree of order B is 
dependent on the fraction p of A atoms occup 3 ang a. sites at 
a given instant, and Bragg and Williams define S by the 
equation 8 = (p — r)j(\ —r) Hence iS' = 1 corresponds to 
p = 1, 1 e to perfect order, while B = 0 means that p = r 
and the atoms are randomly distributed In the case of 
ferromagnetism we have only spins which can be directed 
parallel or antiparallel, r = \, and from p 240, we have 


iS = 2p — 1 = 


x-y 

xyy 



where V is the increase in energy when an A atom on an 
flc site changes places with a B atom on a ^ site, thus producing 
a pair of disordered atoms Now, Bragg and WiUiams assume 


* W L Brapg and E J Williams, Uoy Soc Ptoc A, 114, 340, IfiJO, cf also 
F C Nix and W Shockley, Pev Mod Phys 10 , 1, 193S 
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that F IS a function of S, steadily increasing from the dis- 
ordered, 1 e demagnetised, state with iS = 0 to a maximum 
Vg when iS = 1, so we may write V =VgS, whence we deduce 
that 


^ = tanh 

O'ai 0 



Consequently, we find that the critical temperature d is equal 
to Vgjik, above 6, S is always equal to zero, i e the substance 
18 not spontaneously magnetised, while at temperatures below 
6, S has a value between 0 and 1, being 1 at 0°K We note 
that a,t T = d the tangent to the curve of Cg u against 

Tjd should be vertical It is easy to see that there should be 
a difference between the ferromagnetic and the paramagnetic 
Curie point, because of the effects of atoms other than im- 
mediate neighbours, in other words we have effects of short 
distance and long distance Long distance order disappears 
at Of, but short distance or local order may gradually decrease 
as the temperature rises above 0^ 

The Specific Hea.U of Ferromagnetic Metals and their Alloys 
The specific heat of very pure iron (99 99 per cent) has been 
measured by Awbery and Griffiths* over the range 0 to 950° C 
The curve obtained is similar in shape to Grew’s curve for 
nickel, p 272 Indeed, thermal effects of the magnetic trans- 
formation at 755° C with this iron are apparent even when 
the oL — y transformation sets in at 901° C , where there is 
a true phase-change with an associated latent heat of J 9 cal 
per gm There is also a small secondary peak in the specific 
heat curve at 908° C , corresponding to about 0 39 cal per gm 
The specific heat of iron over the range 1 5 to 20° K was 
measured by Duyckaertsf who gives the expression 

Cp = 464 5{TI8)^ + 1 20 X lO-^T cal per gm atom per ° C , 

6 being equal to 465° K The linear term represents the specific 
heat of the electrons and the term the (Debye) specific heat 
of the lattice The contribution of the electrons to the specific 
heat at these low temperatures is greater than the theory, 

• J H Awbery and E Gnffiths, Roy Soc Ptoc A, 174, 1, 1940 
f G Duyckiiurtfl, P/iystca^ G, 401, 1939 
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baaed on the density of the energy states being assumed pro- 
portional to the square root of the energy, would lead us to 
expect * Duyckaerts found the same value for the linear 
term in the case of cobalt over the range 2° to 18°K 

Keesom and Kurrelmeyer measured the specific heats of 
some alloys of nickel with copper (and iron) in older to find 
how y varied with concentration The saturation magnetisa- 
tions of these alloys vary linearly with the concentration, 
because a certain percentage of the a electrons of the copper 
atoms go into the “holes” m the d levels of nickel, until, 
at faO per cent copper, these “ holes ” are all filled The number 
of levels per unit energy range at the top of the filled levels 
IS much larger for the 3d band of nickel than for the 4s band 
of copper, as shown by the fact that y, the coefficient of T in 
the last equation, is 1 75 x 10“^ cal per mol per deg ^ for nickel 
and 1 78 X 10 * for copper The experimental results showed 
that y, instead of decreasing uniformly to low values at 
CO per cent copper, actually showed a maximum near that 
composition, and that even for 80 per cent copper the value 
of y IS 2 5 times the value for pure copper 

The Significance of Ni^Fe Measurements of the specific 
heats of Ni-Fe-Co alloys over large ranges of temperature 
by Kaya and Nakayama'f by Sykes’ method have shown 
that a maximum in the specific heat curve becomes the more 
pronounced the closer the alloy approaches in composition 
to Nijre It IS thought that this ariungement of atoms is 
of great importance in all the teinaiy alloys In the case of 
the perminvars the maximum is sharp when the specimen is 
annealed, but with quenched specimens it is flattened and 
spread over a wide temperature range 

Low Temperature Ferromagnetic Alloys Many Cu-Ni alloys 
exhibit ferromagnetism at low temperatures only An example 
is provided by the comniercial material “K” Monel, a modi- 
fication of standard monel raetalj containing aluminium, with 

* Of P Simon, 7ie.xt fur Elektrochem 34 52S 1929 

j" S find M Nakay&infi, ZaU fur lech Phya 112, 420, 1039. 

X Ni Bulletin, 12, 9, 19J0 
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the constitution nickel 66, copper 29, aluminium 2 75, silicon 
0 25, manganese 0 4, iron 0 9 and carbon 0 15 per cent, 
respectively 

The AE Effect When a mechanical stress is applied to 
a ferromagnetic material in a magnetising held, m general 
a change of magnetisation occurs, the raagmtude of the change 
depends upon the total intensity of magnetisation and is zero 
at saturation This indicates that a stress may change the 
orientation of the vectors, since the phenomenon of magneto- 
striction may be considered as a change of dimensions con- 
sequent upon changes of the orientations in the domains Thus, 
when a stress is applied to a ferromagnetic substance, the 
resulting strain may be considered to have two components, 
one of purely elastic origin and the other due to the above 
magneto-mechanical process The latter component is a func- 
tion of the total intensity of magnetisation, and one would 
expect that the values of the elastic moduli of a ferromagnetic 
would also depend upon the state of magnetisation In 
particular, the variation of Young’s modulus, E, with intensity 
of magnetisation is known as the AE effect 

Young’s modulus may be determined by either static loading 
or dynamic oscillatory methods, leading to values of the 
isothermal and adiabatic Young’s modulus, respectively The 
first method was employed by Honda and Terada * In later 
work the dynamic method of measurement has usually been 
adopted If the specimen is m the form of a rod of length I 
and IS set into longitudinal resonant oscillation at its funda- 
mental frequency, /, the adiabatic Young’s modulus is given 
hy E = iSpP' dyne cm where 8 is the density of the material 

Several methods of exciting longitudinal oscillations and 
detecting resonance have been employed, e g composite 
oscillators of quartz and ferromagnetic materials excited by 
electrostriction in the quartz have been used by Zachanas,'!' 
Siegel and Quimby, Cooke and Wilhams, Bozorth and 

• K Honda, and T Terada, Phil Mag 13. 1G, 1907 

t K Zachanas, Phya Itev 44, 116, 1939, S Siepel and R L Quimby, Phya 
Pev 49, 063, 1936, W T Cooke, Phya Rev 50, 1159, lUJb, H, J Williams, 
El M Hozorth and H Chrietensen, Phya Rev 59, 1005, 1941 
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Christensen Self-excitmg oscillators were employed by 
Auwers* and Engler In experiments made by Yamamotof 
oscillatory strains were set up in rod specimens by the magneto- 
striction changes in length due to alternating current flowing 
in a small coil encircling the rod 

Brown, J in a theoretical study showed that, owing to the 
“magnetic skin effect”, measurements of Young’s modulus 
obtained by a dynamical method give approximately the 
value at constant flux density, while static methods give the 
value for constant magnetising field The differences m the 
observed values of E for annealed nickel using static and 
dynamical methods of measurement are thus theoretically 
explained In dynamic measurements macro-eddy currents 
are produced at the surface of the specimen, and the magnetic 
fields thus set up serve to neutralise the tendency of the stress 
to change the flux density The results of Brown’s analysis 
for annealed polycrystalline nickel specimens may be ex- 
pressed by the following formulae 

E, — E^ _ a 
Ea ~ 1-a 

and = 54a/35(//7,)^ 

where a = Ag is the saturation magnetostriction 

coefficient for the direction ofeasy magnetisation in the crystal, 
IS the corresponding imlaal susceptibility of a single crystal 
of mckel, 7 is the appropriate intensity of magnetisation, while 
7j IS the saturation intensity E„, E, E, are the values of the 
adiabatic Young’s modulus at the constant flux densities 0, 7 
and 7, respectively 

The first equation gives the theoretical value of the total 
change in Young’s modulus from 7 = 0 to 7, The second 
represents the behaviour of the specimen from zero magnetisa- 
tion up to the “knee” of the magnetisation curve, the 

• O V Aiiwcis, Zeii fur Phyt 94, 707, 1935, O Enp^ler, Ann dtr Phys 31, 
145, 1937 

t M Yamamoto, Sci Rep Tok Un%v 27, 116, 1938, Phys Rev 59, 708, 1941 
J W F Brown, Phya Rev 62, 326, 1937 
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assumption being made that rotation of the domam vectors 
does not occur over this range of magnetisation The experi- 
mental results of Siegel and Qmmby are in satisfactory 
quantitative agreement with these equations , the linear rela- 
tion between {E — E^)IEg and holds for temperatures 

up to 300° C , and for values of Ijl, equal at least to 0 4 
Quantitative results for the /I £ effect m a few ferromagnetic 
materials are given m the following table 


TABLE XXI 


Material 

A - E, 

K 

1 

gAiiaa 

Authority 

Iron 




(unannealc d) 

H 0 OOdO 

1500 

Cooke 

(annealed) 

+ 0 0011 

1500 

Cooke 


+ 0 0014 

1500 

Yamamoto 

Nickel (annca.lt d) 

At 2rv 




+ 0 067 

485 (&at ) 

>Su grl and Quimby 

At IST’C 

+ 0 187 

415 (sat ) 

Riegel and Quimby 

At S’!!" C 

Zero 

0 

Siegel and Quimby 

Electrolytic cobalt 

+ 0 00108 

(jr=9oo) 

Yamani'to 

Annealed Co Fe 




60 piT cunt 

+ 0 22 

ijr=9oo) 

Yamamoto 

08 Permalloj 




(unanneakd) 

+ 0 000S8 

About 1000 
(‘tat) 

Williams, Bozorth 
and Chnatrnecn 

(Cooled rapidly) 

+ 0 104 

About 1000 
(bdt) 

Williams, Bozorth 
and ChriBL-cnsen 


The dynamic oscillatory methods for the measurement of 
elastic moduli may also be used to determine the decrement 
of the oscillations In this way the magmtude of the ferro- 
magnetic internal friction may be found For nickel, Siegel 
and Quimby showed that the internal friction decreased with 
increasing intensity of magnetisation, and at saturation 
intensity the value was of the same order of magmtude as that 
for non-ferromagnetic materials A detailed explanation of 
the variation of ferromagnetic internal friction with magnetisa- 
tion IS not yet avadable, but a qualitative analysis has been 
attempted for iron by 13 1 own * 


• W F Brown, Phya Rev 50, 1165, 1930. 
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Incidentally, the effects of heat treatment can be very 
important, as we know from other experiments, for example, 
Bozorth and Christensen* showed that the longitudinal mag- 
netostriction of 68 permalloy varies with heat treatment from 
2 5 X 10“® to 22 X 10“*', under standard conditions 

Masiyamal found that an alloy of 58 per cent iron and 
42 per cent nickel has a volume magnetostriction some ten 
times greater than that of pure iron and some 60 times greater 
than that of pure nickel, Donng| suggests that this explains 
the large changes in the elasticity which occur at the Curie 
point of this alloy 

The. Earth’s Magnetism By applying Clapeyron’s equation. 
Slater^ finds that the Curie point of nickel increases by 
approximately 5 X 10^® deg C per atmosphere, and he there- 
fore concludes that a ferromagnetic explanation of the earth’s 
magnetism is improbable 

• R M Bozorth and H Chnatenaen, Phys Rtv 59, 1005, 1941 
f Y Ma^iiyama, Set Rep Tok Umv 20, 574, 1931 
J W Dorinp, Ann der Phy.^ 62, 465, 1938 
§ J C Slater, Phya Rev 58, 54, 1940 
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RECENT WORK ON WEAKLY MAGNETIC 
SUBSTANCES 

Introduction It would have been possible to enlarge the 
subject matter of Chapters ni and iv by the provision of 
many notes and addenda at the end of this book, but it was 
clear that moat of these notes could be collected in one chapter 
under the above heading Consequently, while there follow 
sections of general interest in the experimental and theoretical 
study of weakly magnetic substances, there are also given 
sections which form a collection of new and important mag- 
netic data 

Feeble Paramagneltsm, Antiferromaqnetism and Meta- 
magnetism When 0, which occurs in the statement of the 
Curie-Weiss law on p 50, has an extremely large negative 
value, the suscejitibility may be paramagnetic and practically 
independent of the temperature This is piesumably the case 
with metallic chromium, metallic manganese and metallic 
aluminium under normal conditions, where we may picture 
the electron spins as being oppositely directed, or, where we 
may say that the exchange integral is negatne The spin of 
each individual atom is piesumably as hiizh as that in a highly 
magnetic metal, but the exchange efTects are demagnetising 
and so make the resultant spin of the entiie metal crystal 
small For example, the groimd state of the aluminium atom 
IS yet the metal is only weakly paramagnetic When 
chromium and manganese are dissolved in copper, silver or 
gold,* their atoms are exposed to much lower internal fields 
and they then obey the Cune-Weiss law Similar para- 
magnetism IS shown by Fe^CI^ and by organic molecules 
containing three atoms of iron or chromium, such as 
re,(CH3CO,)„(OH),Cl 7H,0 

Again, feeble paramagnetism may be caused by the 
spreading of energy levels due to the migration of electrons 

• Cf L, N^el, Ann lie Phyu S, 258 end 272, 1936 
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in a solid conductor In the absence of exchange coupling this 
IS sufficient to remove the spin paramagnetism, particularly 
if only B and p electrons, with their wave functions overlapping 
adjacent atoms, are present The feebly magnetic transition 
metals may owe their paramagnetism to the fact that the 
wave functions of their d electrons overlap other atoms less 
than those of s and p type electrons * Distortion due to 
interatomic forces may produce feeble paramagnetism in an 
ionic salt whose isolated ions are diamagnetic, and this may 
be the explanation of the feeble paramagnetism shown by 
ScjOj, TiOj, Ce02 and some of the cobaltamines 

It IS, clearlj^, very difficult to say whether any particular 
case of feeble paramagnetism is due to a negative exchange 
integral or to electron migration or to ionic deformation But 
there is a class of materials nhich appears to stand apart and 
to which we may apply the term antiferromagnetic They are 
distinguished by having a susceptibility which passes through 
a maximum as the temperature is raised, whereas ordinary 
feebly paramagnetic substances have susceptibilities which 
deciease gradually with rise in temperature MnO, MnSe, 
CrjOj and CrSb are examples of antiferromagnetic substances 
This strange behaviour can be explained if we have a crystal 
whose constituent atoms may be distributed into two sub- 
lattices A and E, and, further if the mean direction of spin 
in A IS directed oppositely to that in B under the influence of 
the resultant internal field At low temperatures this field 
becomes more and more effective and the resultant spin less, 
at high temperatures the field must disappear Consequently, 
there is a temperature for which the number of spins pointing 
m the direction of an applied field is a maximum It follows, 
from the above explanation, that the effect of an applied field 
on an antiferromagnetic should be much leas pronounced 
than that on a ferromagnetic substance, and this is supported 
by experiment Perhaps the substances which have been 
described above as feebly paramagnetic, instead of antiferro- 
magnetic, are so because their crystal structures cannot be 

* Cf Mott and Jones, Theory and Properties of Metals and Alloys, Oxford, 
pp 1B9-200, Seitz, Modem Theory of Solids, New York, Section 29 
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resolved into sub -lattices, or because pronounced electron 
migration occurs in them 

It has been known for a long time that anhydrous salts of 
the iron group, such as NiClj, CoClj, etc , exhibit a suscepti- 
bility which IS a function of the applied field at liquid hydrogen 
temperatures At these temperatures and m fields greater 
than 800 oersteds, I increases more rapidly than hysteresis 
and traces of remaneiioe are observed, bnt the magnetisations 
are only of the order of those found with paramagnetic sub- 
stances, although the temperatures are well below the Curie 
points, and there are no signs of saturation phenomena, the 
coercivities are large and of the order of 2000 oersteds Such 
substances are sometimes termed metamagnet ic , the same term 
has previously been wrongly applied to the anomalous be- 
haviour of weakly magnetic bodies containing traces of ferro- 
magnetic impurity, and to crystals which are paramagnetic 
in one direction and diamagnetic in another Schubnikow 
found that they exhibit a pronounced maximum specific heat 
in the neighbourhood of the Curie point Starr* also explains 
their behaviour on the assumption that the atoms in these 
compounds form groups with either a parallel or an anti- 
parallel ahgnment of magnetic moments Of course, such 
groups can only he formed below the temperature at which 
the magnetic propel ties change sharply, where there is 
a specific heat anomaly 

The Internal Field of Antiferromagnetic Substances N6elf 
has obtained the constant vp of the internal molecular field 
for a senes of antiferromagnetic substances using the relation 
~^'’Xa= 1= formula which has a reasonable theoretical 
basis On plotting vpjN , the ratio of the Weiss constant to the 
number of atoms with which each atom of the substance 
interacts, against D — 2r, Neel obtains a smooth curve which 
shows a progressive change with increase in D — 2r from con- 
stant paramagnetism to variable paramagnetism with a 
negative internal field and thence to ferromagnetism 

Metalhc chromium shows such a constant paramagnetism 

• C StAiT Phys Rev 58, 9S4, 1940 
f L Neel, Le MagnUiame, m, 65, Strasbourg, 1940 
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or antiferromagnetism, over a wide temperature range The 
distance between the atoms is in this case only 2 ioA , so 
that even a large rise in temperature cannot break down the 
interaction between neighbouring atoms However, in CtjOj 
and CrSb the interatomic distances are greater, and here there 
IS a very marked decrease in antiferromagnetism with rise in 
temperature, the graphs of (\lx,T) show very pronounced 
minima, after which in the case of CrjOj the graph is linear 
corresponding to the normal magnetic behaviour of the Cr 
ion In the case of vanadium dioxide, Horcheck* has shown 
that a sudden increase in the temperature-independent para- 
magnetism occurs at about 70° C although no corresponding 
change in the crystal lattice occurs Squiref finds similar 
behaviour in the case of the IMii'*^''' compounds, MnO, MnS, 
MnSe and MnTe, each of which shows an antiferromagnetic- 
paramagnetic transition point at low temperatures, in addition 
he finds evidence of hysteresis and of change in susceptibility 
with field strength 

Cyliridncal Pole-pieces of Special Design In the measure- 
ment of susceptibilities by the Curie method, p 104, using 
spherical pole-faces, can be made constant in one 

direction only, so that non-homogeneous specimens cannot be 
used unless they are extremely small Bates, Baker and 
MeakiiiJ used one convex-cylindrical and one plane pole-face, 
BO that a relatively long specimen could be placed within 
a vertical tube whose axis was perpendicular to the lines of 
force in such a w'ay that the mechanical force acting on each 
unit volume of the specimen was independent of its position 
from the end of the tube Further improvements resulted 
from a theoretical discussion of the shape of the pole-pieces 
by Davy,§ who showed that the force on each element of the 
specimen would be entirely independent of its position in 
the tube, provided that the pole-faces had sections which 
satisfied the equatiqn cos \0 = constant, where r and 6 are 

* Cf W Kleinm, Zed Eleltrochemie, 45, 587, 1939 

t C F Squire, Phy<, Rev 56, 922, 111'! 

J L F Betts, r J W Raker and R Meokin, Phys Soc Froc 52, 421, 1940 

5 N Davy, Fhil Mag 33, 575, 1942 
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the polar coordinates of a point in the 2 plane Such pole-faces 
were also used by Bates and Somekh* m their investigation 
of the properties of non-homogeneous mercury amalgams, 
and a simple proof of the above equation is given in their 
paper A very cheap and inexpensive method of evacuating 
and sealing a straight tube provided with a simple stopper 
at one end was used in these experiments 

A New Electrodynamic Balance A small electrodynamic 
balance was used to investigate the effects of cold-working 
on weakly magnetic metals, by Hutchinson and Reekie | Its 
most important feature is a moving coil consisting of two sets 
of 500 turns, wound on a small cylindrical fonner and joined 
in senes opposition The moving coil is so situated that the 
field of a larger, fixed, coil acts more effectively upon the 
nearer set of turns than upon the more remote, while any stray, 
but reasonably uniform fields, act equally and oppositely upon 
the two sets Consequently, the balance may be used with 
d c , and in either the horizontal or vertical position 

The Magnetic Properties of Copper Pure cojijier is un- 
doubtedly diamagnetic at ordinary temperatures, but it has 
been shownj that it tends to become paramagnetic at low 
temperatures Most specimens of copper contain iron, but 
they may be rendered completely non-magnetic by heating 
them in hydrogen for 2 hours at 900° C , when the magnetic 
impurity dissolves in the copper lattice and can be fixed by 
quenching § Annealing at 850" C supplemented by cold work 
restores the ferromagnetism <Smith|| found that copper con- 
taining 2 3 per cent of iron showed httle trace of ferro- 
magnetism, until it was cold worked so that a 24 per cent 
reduction in cross-section was caused, when the iron was 
supposed to be in the body-centred cube form 

The General Theory of Fet romagnetic Impurity A more 
general theory of the behaviour of ferromagnetic impurities 

* L F Bates and E M Somekh, PAys Soc Ptoc 56, 1B2, 1944 
t T S Hutchinson and J Roekie, Journ Sc% Inatr 23, 209 1946 
j P Bitter, A R Kaufraann, C Sb&rrandS T Pan, PAys Rtv 60,216,1941 
§ F W Constant, R E Eaipes and H E Lonander, Phya Re.v 63, 441, 1943 
II C S Smith, Phys Rev 57, 337, 1940 
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than that on p 116 has been given by Jaanus and examined 
in detail by Bates and Baker * * * § Jaanus assumes that each 
particle of ferromagnetic has a demagnetisation coefficient 
D and a coercivity h, and Bates and Baker show that when 
measurements are made by the Gouy method the Jaanus 
theory leads to the formula 


Ic 




where 7, is the saturation intensity of magnetisation of the 
ferromagnetic impunty, provided that {^h + DIj.)< ^ It is 
therefore only when DIJ^ 2 that a linear relation between 
kjf. and 1 should be found 

The Graphical Representation of the Curie Law If we plot 
■}(T against T we get a horizontal line when the Curie law is 
obeyed, but we get a sloping line when a law of the type 
(;n;+ const) T = const is followed, the latter line wiU be 
curvedf when the law is of the Curie-Weiss form 

(y + const ){T + A) = const 

In the case of many metallic alloys a law of the form 
X = a+ CjT — d is followed, and N7*elt has devised a method 
of successive approximation, s for finding the three constants 
a, C and 6 from a series of experimental observations with 
suitable range of T 

The Cune-Weiss Law Foex§ has proved that expres- 
sion (88), p 126, must be used in cases where a Cune-Weiss 
law holds, by comparing the two sets of values of the constant 
C found for a particular ion, from experiments on its com- 
pounds which follow the Curie law with 6 = 0 and on its 
compounds which follow the Cune-Weiss law with a marked 
value of 6 While the experimental errors are about the same 
for all the compounds, the products Xm T are very different, 
the differences being the more marked the greater the value 


* L F Bates and C J W Baker, Phya Soc Proc 52, 443, 1940 

t B Cabrera and A Dupcner, Pky’t Soc Proc 51, 843, 1939 

t L Ndel, Ann de Phya 5, 232, 1936 

§ G Foex, Le Magnitiame, m, 203, 216, Strasbourg, 1940 
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of 6, but the values of G obtained from Xm('^ ~ ®'re constant 
For example, for the Cr+++ ion in Crj(S 04 )a IbHjO where 
6 = 0, and for the same ion in Ct^O^ MgO where 6 = —363, 
we find C equal to 1838 and 1844, respectively, from the 
expression C = Xm(.'^ — 6) 

New Data for Rare Earth, Ions In order to study the 
magnetic properties of the rare earth metals themselves, 
Klemm and Bommer* reduced the pure chlorides m hquid 
sodium The reduced metal was, of course, in each case mixed 
with NaCl, but allowance can easily be made for the diamag- 
netic properties of the latter The values of for the metals, 
obtained from Cune-Weiss law expressions with 6 positive, 
all fall very close to the Van Vleck curve of Fig 35, p 129, 
except m the case of Eu and Yb, for which is 8 and 0 
respectively This means that in the metallic state we have to 
deal with and Yb"'“*‘ ions, and the data illustrate Kassel’s 

magnetic displacement rule, viz ions of adjacent elements in 
the periodic table which have the same number of electrons have 
similar magnetic propetties Thus, Eu"*"*" and Ed"*"'"*' both con- 
tam 61 electrons and both have = 8, while Yb"*'"*’ and 
Cp’"*"'' both have 08 electrons and p^fr = 0 Metallic cerium 
has been found by Stair and Kaufmannt to exhibit traces of 
ferromagnetism of an unusual kind, but their work needs 
confirmation with specimens free from iron 

The Significance of Odd and Even Numbers of Elections 
An example of the significant difference which exists between 
systems with odd and even numbers of electrons is given on 
p 129 KramersJ proved that in the case of odd numbers of 
electrons the energy levels fall together in pairs and remain 
at least two-fold degenerate so that a reasonable magnetic 
moment may occur With even numbers of electrons the 
crystalline field, if it is sufficiently asymmetric, will completely 
remove the degeneracy Nd’*"’*^ with an odd number of 
electrons should have an infimtely great susoeptibifity close 

• W Klemm and H Bommer, Zcxt fur anorg allg Chem 231, 13S, 1937 

I C Sbarr and A R Kaufmann, Phya Pev BB, 657, 1940 

{HA Kramera, Acad iSc* AmaUTdam Proc 33, 959, 1930 

391 



BBCBNT WORK ON WEAKLY MAGNETIC aUBSTANCBS 


to absolute zero, while Pr"*”*'"'’ with an even number should 
possess a finite susceptibility 

Ions of the Iron Group To the first line of Table V, p 130, 
may be added the ion Mn"*”'"'”*"'"*”*' which exists in silver per- 
manganate, AgMnO^, for which y = — 0 28 x 10~®, so that the 
above ion has zero magnetic moment, in accord with theory | 

The Platinum and Palladium Groups The ions of the Pt 
and Pd groups are interesting because of the smallness of the 
experimental values of y compared with the values calculated 
on the Hund rules Cabrera and Duperier J give the following 
values 

TABLE XXII 


Ion 

Configuration 

2V.S’(/? + l) 

(expt) 

J>pii (expt) 

) 


8,S| 

■j 92 

2 09 

0 jr> 


■D, 

4 91 

0 002 

0 013 

Pd++ 


2 8J 

0 07,\« 

0 027 




0 13J 

0 048 


•D, 

4 91 

0 27d » 

0 057 





0 104 

!,+++ 

‘I), 

4 91 

0 112 

0 040 

PL' ^ 


2 83 

— 

— 


• Deptnding on the value taken for K m the equation {T^A)=C 


Metal Ions in Dilute Solution in a Solvent Metal The 
magnetic propel ties of a metal in dilute solution in another 
metal may be considerably different from those of the solute 
metal in bulk Examples of metals dissolved in ferromagnetics 
are described on p 253 The results obtained for metals in 
veiy dilute solution in mercury at room temperature, obtained 
by Bates and Somekh,§ show that m nearly all cases the 
residual paramagnetism of the metals after correction for the 
diamagnetism of their cores, is due to electrons set free by 
solution of the metals Freed and Sugarman|| made similar 
measurements on K, Ce, Ca and Ba m dilute solution m hqmd 

■f S S Bhatnagar, Ind Nat Acad Set Proc 10, 1'54, 1939 
j B Cabrera and A Dupener, Phys Soc Proc 51, 845, 1939 
§ L F Bates and E M Somekh, Phys Soc Proc 56, 182, 1044. 

II S Freed and N Sugarman, Joum Che.m Phya 11 , 354, 1943 


392 



STAND ABDISINQ SOLUTIONS 

ammonia, and drew the same conclusion, viz that the free 
electrons may be treated as an electron gas 

Standardising Solutions Nettleton and Sugden* give as 
a standardising liquid a solution of 23 13 per cent NiClj in 
water, the density of the solution being 1 255 gm per c c at 
20° C , when y = 7 363 x 10““ emu per gm 

Anantakrishnant suggests the use of = — 13 8 x 10““ 
and yjjOj" = — lS5xl0 “emu per gm ion, for checking the 
lomc susceptibilities of other ions He points out that, while 
a free proton makes no contribution to the susceptibility of 
a substance, it is invariably present in the solvated OHj state 
in the solution of an acid The whole question of the values 
of lomc susceptibilities of the diamagnetic ions is still a very 
open one The values given in the Table on p 132 differ con- 
siderably, for example, from those given in Table II of 
Selwood’s -May/iftociieruistry (New York 1943, p 36) and there 
is no reliable method of choosing between the two sets of 
values 

The Properties of Dialogite Krishnan and BanerjeeJ used 
some specially good crystals of dialogite (rhodochrosite) and 
found very feeble magnetic anisotropy, the law y = CI{T+ 13) 
being followed with p^fi = 5 56 Van Vleck and Peimey§ 
deduced from the temperature variaf ion of the V erdet constant 
that the law should be y = C'/(T+I1}, the agreement is very 
satisfactory, and shows clearly that the MiV''' ion is m an 
S state with a Stark separation produced by the crystaihne 
field of only 0 07 cm 

Data for Rare Earth Crystals Knshnsn and Chakravorty|| 
showed that the absorption spectra of the rare earth salts 
themselves indicate anisotropy departures from cubic sym- 
metry, for many of the absorption hnes are strongly polarised, 
some being almost entirely produced by vibrations parallel 
to one or other of the principal axes of the optical ellipsoid 

♦ N Nettleton and S Sugden, Ray Soc Proc A, 173 , 313, 1939 
^ S V Anantakrishnan, Ind Nat Acad Sci Proc 21 , 120, 1945 
t K S Krnhnan and S Banorjee, Zat fur Kryat A, 99, 499, 1938 
§ J H Van Vleck and W G Penney. Phd Mag 17 , 901, 1934 
II K S Knshnan and D G Chakravorty, Journ Chem Phya 6, 224, 1938 
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of the crystal, and vanationa m the direction of polansation 
occur even among lines of the same group, i e among the 
Stark components originating from the same absorption line 
of the free ion The absorption spectra also contain weak, 
sharp, hnes which cannot be allocated to stated electron 
transitions alone, but Ewald* found that, in the case of 
neodymium salts, in which these hnes are relatively well 
pronounced, they arise from combination transitions of the 
electron of the Nd^'*”'' ion and the characteristic frequencies 
of a neighbouring anion with respect to the water of crystallisa- 
tion. Jacksonl has investigated the pnncipal magnetic sus- 
ceptihihties of the monoclmic crystals of neodymium sulphate 
octahydrate Nd 2 (S 04)3 SH^O over the temperature range 
14 to 200° K All three susceptibilities obeyed the law 
;n;(T-|-/4) = const above about 120° K , the three (l/x> T) 
curves being parallel straight lines, but at low temperatures 
Xa tends to become independent of T while and Xa increase 
more rapidly with decrease m T than at higher temperatures 
At 17° C the magnetic anisotropy Axlx is H per cent, in- 
creasing to 70 per cent at 14°K The magnetic elhpsoid whose 
principal axes are formed of the principal susceptibilities of 
the crystal, rotates about the symmetry axis through a large 
angle as the temperature falls from 290 to 14° K Penney and 
KynchJ show that it is impossible to reconcile these magnetic 
properties with current views on the absorption spectra and 
specific heat data,§ for the magnetic data require a very much 
larger splitting (20 cm than is found in the absorption 
spectra, and the specific heat data over the region 3 to 40° K 
require a still larger splitting 

The Internal Field of Copper Sulphate Crystals Some in- 
teresting results have been obtained with the triclinic crystal 
CuSOj 6Hj,0 by Krishnan and Mookherji |1 In each unit cell 
of this crystal there are two Cu’*"*' ions, each of which is the 

* H Ewald, ,^7171. der Pkys 34, 209, 1939 
t L C Jackson, Roy Soc Proc A, 170, 266, 1939 
t W G Penney and G J Kynch, Boy Soc Proc A, 170, 112, 1939 
§ J E AhJberg, E B Blanchard and W O Lundberg, Journ Chem Phya 
5, 552, 1937 

II K S Krishnan and A Mookherji, Phy» R^v SO, 660, 1936, B4, 633, 1939 
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centre of an octahedron formed by six negatively charged 
atoms (O ) This octahedron is not regular, but may 
be pictured as formed by pulling out a regular octahedron 
symmetrically along one of its diagonals, which forms an 
axis of tetragonal symmetiy for the electric field acting on 
the Cu"*"^ ion at its centre, and also for the magnetic field 
The very extensive measurements of de Haas and Gorter* 
showed that the powdered crystal obeyed the Curie-Weisa law 

y = = 0 456/(T + 0 70) 

giving /ten = 1 92/tg, instead of 1 VS/t^ for spin contributions 
only Now the small value of 0 would indicate that the internal 
fields are feeble, and we should expect the magnetic amstropy 
to be small and all three principal susi'eptibilities to foUow 
Curie- Weiss laws with d very small It is found by experiment, 
however, that the magnetic anisotropy is not small The 
crystal is nearly uniaxial as far as its magnetic properties are 
concerned, and, if we denote the molar susceptibilities of the 
Cu++ ion and its accompanymg 0 atoms parallel and per- 
pendicular to this axis by y, and yj^ respectively, we find 
y,i = 0 572/(!r-t-4 5) and y^ = 0 349/(T - 2 0) 
Leavmg out of account the small Curie temperature corrections 
as equal and unimportant, we see that the values of /ign, 
viz 2 13 and 1 80/ijj, are widely different, although both are 
practically independent of temperature We therefore conclude 
that while a large value of d in the Cune-Weiss law means 
that a large internal field is present, a small value of 6 does not 
necessarily mean a weak field 

Reekief measured the mean mass susceptibilities of 

CuS 04 SHjO, CuSOi K 2 RO 4 GHaO 
and CuS 04 (NH 4 ) 2 S 04 GHgO 

down to 1 6°K The first follows a Curie-Weiss law with 
0 = — 0 7° over the whole temperature range, the two double 
sulphates follow a similar law with d = — 0 3“ down to 14'^ K , 
but obey the simple Curie law at liquid helium temperatures 

* W J de Haas and J G Goiter, Leid Comm 210(2, 1930 
■j* J Reekie, Roy Soc Proc A, 175, 367, 1939 
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It IS clear that the Cu"*'’*' ion must be under different ciystalhne 
fields m the two cases, unless magnetic interaction effects 
become important in copper sulphate at relatively high tem- 
peratures 

It IB interesting that the susceptibility of a powder obeys 
the Cune law much more exactly than the susceptibility along 
a particular axis Actually, quantum mechamcs requires that 
the mean susceptibility shall be given by 

where we observe that a term m T~^ is absent 

Large Orbits in Oraphite An interesting example of large 
orbits IS provided by graphite, which is a hexagonal crystal 
with perfect basal cleavage The carbon atoms are arranged 
in layers parallel to the basal plane, and the atoms in each 
layer form a hexagonal network The distance between ad- 
jacent layers is 3 4 A , while that between adjacent atoms in 
the same layer is only 1 42 A The susceptibility in the basal 
plane yji is only — 05x10"* emu per gm while that parallel 
to the hexagonal axis y, is — 22x 10“® at room temperature, 
and the latter susceptibility changes appreciably with T It 
IS suggested* that the three electrons which assist in attaching 
each carbon atom to its neighbours in the same layer may be 
considered bound, w'hile the fourth may move about more or 
less freely in the basal plane, giving nse to laige orbits, large 
diamagnetism and high electrical conductivity (a kind of 
superconductivity in the basal plane which is at least 10,000 
times greater than the conductivity normal thereto) This 
view IS strongly supported by experiments in which attempts 
are made, deliberately, to restrict the motion of these “free” 
electrons Thus, if the crystal forms the anode in a bath of 
strong sulphuric acid, a current of about 1 milhampere for 
a few minutes reduces the magnetic amaotropy practically to 
zero, because HSO4 groups creep in between and separate the 
adjacent carbon layers stiD further, and convert the crystal 
to a single crystal of bisnlphate of graphite The anisotropy 
may be partially restored by washing in water, by immersion 

* K S Knshnan, Le Magnitxamef m, 312, Strasbourg, 1940 
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111 ferrous sulphate Bolu*tnii, or by electrolysis Agaui, when 
a graphite crystal is exposed to potassium vapour, a metallic, 
copper-coloured alloy is formed, the potassium atoms increase 
the distance between the adjacent layers and the magnetic 
anisotropy la again reduced 

The Effect of Impurities on Crystal Anisotropy In the case 
of very pure bismuth* (99 998 per cent) y, = - 1 05 x 10 “ 
and = — 1 45 X 10~® at 27° C so that at this temperature 
Xu ” X± ~ ^ ^02 X The latter quantity decreases linearly 
with rise m temperature to 0 09 x 10-* at 260° C , whereupon 
it remains constant up to the melting point, 271 1°C Less 
pure bismuth also showed a linear change up to 260°, but 
thereafter y,, — decreased v ery rapidly and reached very low 
values just before the crystal melted Rao and Narayanaswamyl 
found that the magnetic anisotropy of thallium crystals at 
30° C was increased by the addition of small quantities of 
Cd, but decreased by small quantities of Pb, Sn and Bi There 
was evidence that the anisotropy of thallium was not entirely 
determined by the number of the valency eleotreiis of the 
added metal, foi tin produced twice as great an effect as lead 
for the same atomic concentiation, although both possess the 
same number of valency electrons, and bismuth with 5 valency 
electrons produces about the same effect as lead which has 
only 4 valency electrons 

Lane and BrowneJ used single crystals of Sb alloyed with 
Sn, Ge, Pb and Te They found that I-, decreased rapidly w’th 
the percentage of the added metal, even changing from dia- 
magnetic to paramagnetic in the case of Sn and Ge, although 
due mainly to holes in the first zone, remained practically 
unchanged Calculation showed that the number of electrons 
which overlap mto the second Brillouin zone in antimony is 
10~“ per atom Moreover, for Sb-Sn alloys was practically 
temperature independent from 77° K to room temperature, 
but h^ decreased in magnitude with increase in temperature 
both for alloys for which was paramagnetic and those for 
which it was diamagnetic 

* W J John, Zeif fur Kryst A, 101, 337 1939 
f S R Rio and A S Narayn-naswamy, Fhxl Mag 26, 698, 193B 
J C T Lane and S H Browne, Phys Rev 60, 995, 899, 1041 
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CHAPTER XIV 


RADIOFREQUENCY SPECTROSCOPY 


The, g-Factor of the Nucleus Some very spectacular results 
have recently been obtained by the new experimental tech- 
mques for the examination of molecular beams As a prelude 
to their description we will briefly review and extend some of 
the concepts dealt with in Chapter VI 

In general we may consider the magnetic moment of 
a nucleus to be given by 


/ij = 


e h 

IMin 


l9l = 


where M is the mass of a proton or neutron and gj is the 
y-factor of the nucleus which takes account of the complex 
structure of the nucleus m a way similar to the splitting factor 
of an electron system Now, between the nuclear spin I and 
the angular momentum J of the electron system there must 
exist a weak coupling Assuming that the field produced by 
the electron system in the region of the nucleus is then 
we must take into account an energy of magnetic interaction 
equal to — cos (/, /), we neglect, for the present, any 
electrostatic effects due to asymmetry of the nuclear charge 
Hence, the energy of a .spectral term consists of two parts, one 
being the value of the term assuming the nucleup to possess 
zero magnetic moment, the other being or 

— {/ijJ^gl2IJ) + 1) — I(I + 1) — J (J +1)] 

= A[F(F+l)-7(/+l)-/(J-+l)], 

where F is the resultant of I and J, and may take the values 
I + J, I + J —I, , 1 — J The existence of the second part 

therefore results in a hyperjme structure of the multiplet term 
From it we deduce the hyperfine structure interval rule, viz the 
intervals of a hyperfine structure multiplet term are m the 
ratio(/+J) (/ + J— 1), (I—J+\) Thei overall separation 
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FORMAL THEORY OF HYPERFINE STRUCTURE 


of the hyperfine structure, i e the energy difference of the term 
with F = (/+■/) and F = (I — J), is therefore equal to 

j 47(2J+ 1) for and AJ{21 +1) foi 1'^ J 


The Formal Theory of Hyperfine Structure Goudamit and 
Bacher* first showed how the results previously obtained in 
the ease of the Zeeman effect may he carried over or applied 
to the problem of the hyperfine structure This may he done 
by replacing, in the Zeeman formulae, the electron spin S 
by the nuclear spin I, the electron orbital momentum L by 
the resultant electron momentum J of the whole electron 
system, the resultant of S and L, namelj J, F , and the 
component Mj of J parallel to the direction of the field by 
Mp, the component of F parallel to the field In addition, 
the magnetic moment g^S associated with the resultant 
electron spin is replaced by gj I, the magnetic moment of the 
nucleus, and the resultant magnetic moment gj^ L of the 
orbital motion is replaced by gj J, the magnetic moment of 
the electron system It was emphasised in Chapter vi that on 
occasion terms in gj can be neglected, because of its smallness 


New Measurements We will first deal with new measure- 
ments carried out by unproved methods similar to those 
already described in Chapter vt 

The resolving power of the method described on p 190 was 
much increased by Millman, Rabi and Zacharias^ who pro- 
duced 3^ by what was m effect a metre tube of Armco iron 
with a longitudinal gap Equations (128) and (129) are no 
longer sufficiently accurate and we have, when J = 


/*+efl — ~9i ^ 


y + (2Mj,l21+\) 




fl-t-(4Jfj.y/2/+l) + y2]t 


where 


y = 


(9j 


-gi)S'j3^ 

AE 


(128o) 


Equation (128o) reduces to (128) when we write = 0 
Whereas, for a given negative value of Mj^, fi+ea and fi-en 

* S Goudamit and R F Bftchw, Ze*t filr Phya 66, 13, 1930 
t S MlUman, I I Babi and J B ZuiLanaa, Phya Bav B3, 3§6. 1938 
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were both equal to zero for the same values of , this is no 
longer the case, and we find that they are zero at two shghtly 
different values of , say, for example, and + 
for the first position, and so on In other words, instead of 
a smgle peak maximum being found by the receiver, a double 
peak maximum is now found It can be proved that 

^ 27 ^ r, _ 

1 ijl \2I+l)j’ 

where fij and ptj are the nuclear and the extranuclear moments 
respectively The last expression is extremely interesting in 
that it contains /ij independent of AE, etc Measurements 
on these hnes were successfully made with In*^^ for which 
were found / = f and j = 6 

A further point of interest arose m these experiments The 
normal state of the Ini'^® atom is *Pj, but, at the temperature 
of the furnace used, some 19 per cent of the atoms were in the 
*P| state, in which they had a mean life of 1 sec Hamilton* 
investigated their zero moment peaks in detail and obtained 
interesting information of the electric quadrupole moment of 
In^'® which he found was 0 84 x 10-^* cm * 

Radiofrequency Spectroscopy While the foregoing expen- 
mental method is applicable to atoms possessing an electromc 
magnetic moment, it must be replaced by anotherf when we 
wish to deal with individual molecules which are diamagnetic 
In this case the molecular beam is passed through a strong 
non-umform field A, wherein the nuclear spins are completely 
decoupled from one another and from the molecular rotation 
It IS then passed through a uniform field £, with a strength 
of some few thousand oersteds, upon which is superimposed 
an alternating field of radiofrequency r perpendicular to 
the steady field B Finally, after passage through another 
equally non-uniform field C, which serves to refocus the 
particles, the latter fall upon a Pirani collector The alternating 

• D E Hamilton, Phi/s Rev 66, 30, 1939 

t I I Eabi, S S Millman, E Kusch and J R Zacharias, Fhys Rev B3, 
31B and 495, 193B, 65, 626 and 56 729 19)9 
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field 3^^ IS produced by a high fi'equency current in a “hair- 
pin” loop of wire, placed in the gap of the electromagnet 
providing the field B, the plane of the “hair-pin” being 
parallel to the beam and to 3^ Hence the resultant magnetic 
field oscillates slightly about the fixed field 

If now we picture the effect upon an ideal system with 
a single angular momentum vector J and a magnetic moment 
fi parallel to J, then we see that the small oscillating field 
must cause J to process about 3^ with the Larmor precession 
frequency, / = jhJ, the orientation of J being given by 
one of the (2J + 1) possible values of Mj, the projection of 
J along 3^ In fact, the field provides an oscillating torque 
on J about an axis perpendicular to 

Hamilton* has illustrated its effect by reference to the 
following mechamcal model When a top precessing about 
a vertical axis under the action of gravity is subjected to an 
oscillating torque about a horizontal axis, e g by a sinusoidal 
displacement of the point of support of the top, the latter will be 
forced during part of the torque cycle to become more vertical 
and at other times to become less vertical It is, however, 
only when the precession and oscillation frequencies are equal 
that pronounced changes wdl occur and the top will either 
“stand up” or “he down” depending on the phase relation 
between the oscillating torque and the precossion This corre- 
sponds in the atomic system case to an increase or decrease 
in Mj, which means that transitions between states of differrnt 
Mj occur, when the frequency v approximates to that of the 
Larmor precession, i e v = ii3^ jJh As the energy of our 
simplified atomic system is —/iJ^MjjJ, we see that the energy 
change m a possible transition between two Mj states is 
numerically equal to which is h times the frequency of 

the electromagnetic radiation emitted or absorbed according 
to the Bohr theory 

Returmng to our beam experiment, when the above fre- 
quency condition obtains, the reorientation of the nuclear 
spin and magnetic moment with respect to the steady field 
takes place, the beam is no longer focused and the detector 
* D R HanultQn, Amer Joyjm of Phya 9, 319, 1941 
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records a decrease in the number of particles incident upon it 
The state of affairs is depicted in Fig 110, where the two 
fuU-hne curves running from the oven O to the detector D 
show the paths of two particles, having different angular 


A ILflJl C_ 

^10*. ^ 5B^m 

cm 



Fi^ 110 Paths of molecules in the radiofrequency spectrograph 


moments and translational velocities, whose effective magnetic 
momenta are not changed during passage through the appa- 
ratus This condition is represented by the small gyroscopes 
drawn on one of these paths with a fixed or constant pro]eotion 
of the magnetic moment parallel to the lines of force The two 
dotted curves in the region of the G magnet represent the paths 
of two particles for which the projections of the nuclear 
magnetic moments along the field have been changed by the 
oscillating field within the B magnet region Small g 3 rro 8 cope 8 
are also drawn on these dotted curves one showing that the 
projection of the magnetic moment along the field has been 
increased and the other that it has been decreased If Fhj2,TT 
represents the total angular momentum of a m ol ecu! ar system , 
it should be realised that we do not measure F directly by 
these experiments, because 

Fhj2TTll = ~~, 

g ^ 


so that 


M \Fh Mn/i- 


Fh 


= 1 3122x 


18 the quantity actually measured, here M is the mass of the 
proton and nfi„ is the nuclear magnetic moment 
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The curve of detector current plotted against yC should have 
a marked depression at resonance, i e whenever the product 
hv is equal to the difference m energy of two molecular states 
It IS analogous to finding an unusual form of Zeeman pattern 
by measuring the absorption of a particular narrow spectral 
hne as a function of the magnetic field in which the absorber 
IS placed It was found by cxpeiiment that the magnetic 
effects of the ends of the bair-jun conductor arc such that an 
additional resonance minimum was formed on one side or 
the other of the principal minimum according to the direction 
of and the sign of ji The ladiofrequency method was first 
successfully used for measuring the moments of Li", Lf, N^* 
and and later used for mcaaurcmeiita with HD, CCljPj, 
Hj, Dj, CsCl, CsF, NaF, NaCN, Na^, KCN, Kj, etc It is 
important to use at least two molecules containing the same 
atom For example, when using both LiCl and LiF a minimum 
of the same type w as found at the same value of showing 
that the resonance arose from the Li’ nucleus The mam 
experimental error resided in the measurement of JsT, but in 
later experiments radiofiequencv measurements on atoms 
provided an accurate direct calibration of y! in terms of 
frequency, provided that adequate knowledge of the Pasclien- 
Back spectrum of one of the atoms was available 

The experiments were made with a beam from a source 
cooled in liquid nitrogen, which caused the parahydrogen 
molecules to behave as inert because they were all in the 
rotational state JJ = 0 with total nuclear angular momentum 
1 = 0 At the same time the orthohydrogen molecules were 
in the state iil = 1, / = 1, giving (2iJ+ 1) (2/ + 1) = 9 energy 
levels from which six transitions under the rule = ± 1 
were important in these experiments These six transitions 
give SIX minima as shown in Fig 111 If additional rotational 
states were excited, as by using a higher temperature source, 
then so many of these fine structure minima would be produced 
that they would merge into one another 

The experiments made wuth D^ and HD molecules have led 
to the spectacular discovery of the existence of a qua/Jrupoh 
Tdoment i7b the dtuteroTij w^hich means that the forces between 
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the neutron and proton in the deuteron nucleus are not strictly 
central The low temperature Dj beam for the transitions 
AMj = + 1 gave six minima grouped about a much more 
pronounced minimum due to the Larmor precession of the 
deuteron The HD beam gave two distmct sets of mmima 



Fig 111 Bpionance curve arising from reoncnbation of the 
reaullant nuclear angular momentum in Hg 


One, of mne subsidiary resonances with a very deep single 
resonance at the Larmor frequency of the proton, arose from 
reorientation of the proton in the HD molecule The other, 
of twelve subsidiary resonances with a deep single resonance 
at the Larmor frequency of the deuteron, arose from re- 
orientation of the deuteron in HD The deep minima fixed the 
magnetic moments of the proton and deuteron as 2 785 + 0 02 
and 0 855 + 0 006/i„ respectively, while the detailed analysis 
of the resonance curves gave the value of the electric quadru- 
pole moment as Q = 2 73 + 0 05 x I cm ^ 

The method has been extended* to the examination of the 
hyperfine structure intervals of the normal states of the atoms 
Li“, Li^, and etc , bv observing transitions produced 
by the oscillating field in external fields ranging from 0 5 to 
4000 oersteds 

The Magnetic Moment of the Neutron The most accurate 
determination of the magnetic moment of the neutron to 
date has been made by Alvarez and Blochf using the system 
employed by Rabi and his collaborators The experimental 

• P Kusph, S MJlman and I I Rabl, Phyt Sev 57, 705, 1940 
t L W Alvar™ and F Bloch, Phya Rev 57, 111, 1940 
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arrangements are shown in Fig 112 A powerful beam of 
neutrons, from a cyclotron m which high speed deuterons 
bombarded a Be target, passed through a polariser, then 
through an oscillating field ^ of frequency k and a steady 
uniform field which caused them to precess, and then 
through the analyser to a BF, counting chamber Large 
blocks of paraffin were used to slow down stray neutrons 
which had not passed down the coUimating cadmium tube 



Fig 112 Apparatud fuc mcadunng the magnetic mument of the neutron 


If the neutron has no magnetic moment then there should be 
no difference in the number of neutrons counted per sec when 
this field IS on or off, but, if it has a magnetic moment n, 
then a decrease in the counting rate should be recorded when 
the relation between the steady field and the frequency of 
the oscillating field is = hvl2fi This is because the pre- 
cession of the neutron is now markedly affected by the 
oscillating field, and the state of polarisation of the beam is 
thereby altered Such decreases were observed, and although 
it was difficult to measure with accuracy, a clever com- 
parison measurement with respect to the cyclotron field driving 
a proton beam gave reliable values, the final result for /t being 
— 1 93 + 0 02/r„ This means that within the limits of experi- 
mental error the magnetic moment of the deuteron is equal to 
the sum of the magnetic moments of the proton and neutron 
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Resorumce, Absorption due to Nuclear Magnetic Moments 
Let us imagine that a high frequency resonant cavity, made 
m the form of a short section of coaxial line loaded heavily 
by the capacity of an end plate, and adjusted to resonate at 
about 30 megacycles per sec , is provided with input and 
output coupling loops Let the inductive part of the cavity 
be filled with solid paraffin at room temperature, and let the 
resonator be placed in the gap of an electromagnet capable 
of producing a uniform field over a large volume Now let 
(weak) radiofrequency power be supplied to the cavity, so 
that the alternating magnetic field in the cavity is everywhere 
perpendicular to the field of the electromagnet, and let the 
cavity output be balanced in phase and amplitude against 
another portion of the generator output, and, finally, let any 
residual signal be amplified and detected It is found* that as 
the field of the electromagnet is slowly increased a very sharp 
resonance absorption sets in, corresponding to an imaginary 
part of the permeability of paiaffin equal to 3 x 10““ c g s 
units This resonance occurs with a field of 7100 oersteds 
If the absorption is due to transitions between energy levels 
corresponding to the two orientations of the hydrogen nuclei 
in the paraffin, we should then expect an energy separation 
corresponding to p = 30 megacycles per sec , from the relation 
hv = 2 / 1 ^^ = 2fix 7100, and the imaginary part of the per- 
meability of the order liv(LT From the above experimental 
data, knowing v and JP, we deduce that /i = 2 15 nuclear 
magnetons It is found in these experiments that the relaxa- 
tion time IS very much shorter than current theories of spin- 
lattice coupling would indicate, and the method seems likely 
tobeveryuspful in investigating this coupling (Seealsop 422 ) 
Arnold and Roberts-) have used the method to measure 
the ratios of the magnetic moments of the deuteron and 
neutron to that of the jiroton With water in a resonant cavity, 
the electromagnet field was adjusted and fixed to give proton 
resonance at about 30 megacycles per sec The water was 
removed, a powerful beam of neutrons was sent through the 

•EM Purcell H 0 Torrev »iid R V Pound, Phya Rm 69. 37. 1946 
t w J Arnold and A Roberts, Phya Rev 70, 77b, 1946 
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cavity, and the radiofrequency waa adjusted to give neutron 
resonance, the latter was shown hy a drop of some 6 to 
8 per cent in the in+ensity of the neutron beam The ratio of 
the magnetic moments of the proton and neutron was given 
by the ratio of the two radiofrequenciea, which was found to 
be 0 68479 

In the case of the deuteron, resonance was obtained with 
heavy water in position, followed by similar proton resonance 
with ordinary instead of heavy water, the ratio of the two 
radiofrequenciea was then the ratio of the magnetic moment 
of the deuteron to that of the proton, and was found to be 
0 30702 Assuming that the magnetic moment of the proton is 
2 7896/t„, the magnetic moments of the neutron and deuteron 
are therefore — 1 9103 + 0 0012/t„ and 0 86647 ± 0 0003/t„, 
respectively 

Nuclear Induct-inn Ap entirely new method of attack has 
been discovered by Bloch* and his collaborators, based on the 
phenomenon of nuclear induction Suppose we place a sample 
of matter, containing the nuclei we wish to investigate, in 
a steady field along the z axis, so that it acquires a magnetic 
moment M = If now superimpose an oscillating 

field = J^cosojt parallel to the x axis, we may, by 
suitable choice ofai, disturb the settings ofthe nuclear magnetic 
axes parallel to and so produce a magnetisation along the 
y axis This will be a maximum when = ai, where p is 
the gyromagnetic ratio of the nuclei under discussion Bloch 
showed that, although the amphtude of the field associated 
with the latter magnetisation was only about 5 x 10"® oersteds, 
the magnitude of fu (8 x 10® cycles per sec ), and hence the 
rate of change of flux, was so large that measurable induction 
effects were produced in a properly designed coil 

The new method is not limited, as molecular beam methods 
are, by choice of detector, and Bloch suggests that it may be 
extremely useful for the comparison of nuclear magnetic 
moments, isotope analysis, the measurement of relaxation 
times of nuclei, and even for the calibration of intense magnetic 
fields. 

• L Bloch, Phys Rev 70 , 460, 474, 1940 
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CHAPTER XV 


ADIABATIC DEMAGNETISATION 
AND ITS APPLICATIONS 

Thevreiical Aspects On p 2B4 we discussed some theoretical 
aspects of the production of very low temperatures by adia- 
batic demagnetisation Now, nickel sulphate heptahydrate, 
NiSO, 7HjO, is interesting because of its high value of 6^ 
This IS clear from the results of Stout and Giauque* shown m 
Fig 113 obtained with the amorphous carbon thermometer, 
described below In the same figure the way m which the Cune 



5 10 15 

Temperature ° K 

Fig 113 Heat capacity ID cal per deg per mole of KiSO, 7HgO 

Values of X T for NiSO, 

law breaks down at low temperatures may be seen from the 
sudden bend in the curve of (y T) against T, which should, 
of course, be a horizontal line when the Cune law is obeyed 
Equation (188), p 285, may be more effectively written as 
(TjjT^ 3^ = a. = constant, where the precise sigmficance of 
the eonstant need not be discussed Bleaney showed that, m 
■ J W Stout and W F Giauque, Joum Amer Chem Soe 63, 714, 1641 
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tAe particular case of potassium chrome alum, cl was constant 
over a relatively wide range 

Low temperature heat capacity measurements provide 
mformation from which we may deduce the magnetic energy 
spectrum in the solid For example, measurements on 
anhydrous manganous fluoride show clearly how the random 
distribution of the magnetic ions among the six states of the 
Mn'*'^ ion possible at lugh temperatures changes as the tem- 
perature IS lowered, a very striking maximum being found in 
the heat capacity curve at 66 5° K The changes in magnetic 
entropy are not, however, confaned to the restricted tempera- 
ture range in which this anomalous behaviour is observed, 
but must extend to higher temperatures where the magnetic 
contributions to the heat capacity cannot be disentangled 
from those due to crystalline vibrations 

Thermal Insulation Cooke and Hull* showed that the 
thermal insulation of a sample is greatly improved by sus- 
pending it between two taut fibres of artificial silk, one attached 
to each end In this way the heat flow may be reduced to 
5 ergs per mm , and this may be further reduced to 1 erg 
per mm by using “guard rings”, formed of samples main- 
tained at the same low temperature, interposed on similar 
supports, between the mam sample and contammg vessel or 
frame This suggests that the residual heat flow of 1 erg per min. 
IS due to transfer by helium gas “desorbing” from the wall 
of the cryostat, at l‘‘K 

Experiments with Solid Hydrogen Helium must not be 
allowed to condense as hehum II in the inner space of E, 
p 287, or it will escape through the ground joint and spoil the 
outer vacuum, this is known as the A-leak phenomenon 
Incidentally, in more modern forms of the apparatus of Fig 86, 
the guard tube S is omitted 

Kurti, Lame and Simon| have shown that it is jiossible to 
produce low temperatures with iron alum by starting from 
temperatures reached with solid hydrogen, which is relatively 

•AH Cooke and R A Hull, Jioy Soc Proc A, IBI, B3, 1943 
t N Kiirti, R Lam6 and F Simon, Compt liejid 208, 173, 1939. 
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easy to produce by evaporation of bquid hydrogen under low 
pressure The mam advantage of demagnetising from the 
higher hydrogen temperatures is that the thermal insulation 
IS increased owing to the much lower vapour pressure of 
hydrogen The entropy temperature diagram of iron alum 
shows that lattice effects are relatively ummportant for the 
magnetisation provided one uses temperatures below 9°K 
A strong magnetic field is necessary Starting from a tem- 
perature of 8 5°K and using a field of 28,800 oersteds, a tem- 
perature of 0 36“ K was reached, a field of 42,000 oersteds 
should enable 0 15° to be attamed In this connection Bitter 
magnets are likely to be important 

The, Definition of T* Kuril and Simon* pointed out that 
correct allowance for the demagnetisation factor is most 
important in calculating T*, and they used T* to denote 
temperatures based on measurements made with, or referred 
to, specimens of spherical shape 

The field 3^^ acting on a particle within the sample, when 
the latter is exposed to an external field may be expressed 
in the form 

where M is the magnetic moment acquired by the specimen 
of volume V , and D is the ordinary demagnetisation factor 
for the specimen Using the Oxford compensation method of 
measuring Jf by a ballistic galvanometer deflection S, resultmg 
from breaking a current i in the primary of a mutual induc- 
tance, we may write S = aM, where a is a constant If Curie’s 
VC 

law IS obeyed, M = and, consequently, it follows that 

M = CVJ^jT — A, where A = ^^^3 — ^ Now, is equal 
to ai, so that 

<J/i = MlJ/Sr = CVjT-A 

Hence, on plotting Sji against IjT—A, a straight hne should 
be obtained By extrapolation outside the cahbration range 
one may define temperatures on a scale which depends upon 

• N Kuril and F Simon. Phil Mag 26, 849, 1Q3B 
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THE AMORPHOUS CARBON THERMOMETER 

the value taken for A The value chosen above is that for which 
the Lorentz and the ordinary demagnetisation fields cancel 
one another, this is the case for a spherical specimen, and 
temperatures so defined are, as indicated above, denoted by 
T* If the specimen is a loosely packed powder, for which 
/ IS the ratio of the mass of unit volume of the specimen to the 
mass of umt volume of the sohd material, then 

J - C/(f - d) 

Bleaney and Hull* determined A experimentally and com- 
pared it with the value calculated from the last expression, 
with / = 0 55 and Z) = 0 95, the two values were respectively 
0 OSS + 0 002 and 0 037° Although A is small, its value can 
be very important in very low temperature calculations, and 
m any such calculations it is imperative to state the value 
of A which has been used 

The Carbon Thermometer Giauque, Stout and Clarkf 
showed that at very low temperatures an excellent resistance 
thermometer can be made from amorphous carbon Two 
platinum strips deposited on the specimen tube formed 
electrical connections A single layer of lens paper was then 
applied to the tube with ethyl alcohol and a camel hair brush, 
while still wet, lampblack mixed with a large quantity of 
alcohol was painted into the paper, which was later coated 
with a weak solution of collodion m alcohol and ethyl ether 
Amorphous carbon exhibits a very high specific resistance and 
a small change of resistance with magnetic field so that 
accurate temperature measurements can he made Hence the 
resistance of the electrical leads, made very fine to prevent 
heat losses, may be neglected, and the heat produced by eddy 
currents is extremely small The resistance of one thermometer 
was found to be 28,062 ohms at 293° K and 58,640 ohms at 
0 129° K , and, after ageing, such thermometers gave repro- 
ducible results far better than one would expect 

• B Bleaney and B A Hull, -Roy Roc Proc A, 178, B6, 1941 
t W F Giauque, J W Sbaut and C W Clark, Journ Amer Chem Roc 
60, 1053, 1938 
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The Measurement of the Absolute Temperature T Kurti and 
Simon* have suggested another important method of findmg 
T by means of heat supplied by y-rays A specimen is first 
cooled by demagnetisation to a point A in zero field When 
heated by y-rays, its temperature rises, and a (x, t) curve, AF, 
Fig 114, shows how T vanes with the time, t If the experi- 
ment IS now repeated and a field is switched on when the 
substance reaches a standard temperature Tq at E, the curve 
QJ IS subsequently traced out after removal of the field. 



Fig 114 DetermmatioD of T 

Drawing the honzontal hne 00 we see that the states of the 
specimen at N and O are the same We can thus suppose that 
these states were reached (a) by supplying a quantity of heat 
a <3 from E to N, thus increasing the entropy by ixt^jTg, and 
(6) by heating the specimen m the field for a time t^ from 
E to G, thus increasing the entropy by octJTjf, But, these 
entropy changes are equal, therefore = tjt^ = tjtj^ — t^ 

Now, the absolute value of can be found by taking to 
be the same as the initial field which produced the demagnetisa- 

* N Kuril and F Simon, PhU Mag 26, &40, 103S. 
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tion cooling The great advantage of this method is that the 
susceptibility measurements can be made in zero field 

Bleaney used potassium chrome alum and evaluated 
(dSldT*)jf from the TfjT^ relation mentioned in the opening 
section of this chapter He also measured (SQIST*)j^ using 
y-ray heating, and found the relation between T and T* from 
the expression T = {SQjdT*)jf.l{dSldT*)^ given on p 291 
The specific heat (30/3T)jr-o found to be equal to 

0 031/T^ cal per gm ion per ‘'K , in good agreement with 
Hebh and Purcell’s results The difference between T* and 
T IS a measure of the departure from Curie’s law due to 
crystalline splitting and magnetic interaction Bleaney also 
showed that the latter interaction is not adequately expressed 
by the Lorentz 47r/3 factor, but is better represented by the 
Onsager or Van Vleck local field * 

When considering the processes involved in an adiabatic 
demagnetisation one feels on comparatively safe ground as 
long as one is sure that the magnetic moment of a specimen 
remains constant as the field is decreased adiabatically from 
an imtial high value to a low one, i e the Curie law holds 
accurately, as de Haas and Wiersmaf found m the case of 
caesium titanium alum This is not so for iron alum, where 
the magnetic moment of the specimen in a field is given 
by an expression of the type M = — b j This case 

has been discussed very carefully by SauerJ who shows, 
fortunately, that for fields between 10,000 and 5000 oersteds 
little error is made in temperature determination, but appre- 
ciable errors are found with fields below 5000 oersteds 

Sauer and Temperley§ suggested a simple model of freely 
suspended magnets to account for the behaviour of alums at 
very low temperatures , only dipole-dipole interactions between 
the paramagnetic ions being considered, to which the theory 
of order and disorder is applied On this basis they showed 
that ferromagnetism may arise in an ellipsoidal specimen with 
axes in the ratio of 6 to 1 

• Cf H B G Casimir, Magnetism and Very Ztow Temperatures, p 50, Cam- 
bridge, 1940 

f W J de Haas and E C Wiersma., Phyewi, 3, 491, 1936 
J J A Sauer, Phys Rev 64, 94, 1943 

§ J A Sauer and H N V Tcmperlcy, Roy Soc Proc A, 176, 203, 1040. 
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Returning to the expression T = dQjdT^ldSjdT^, we ob- 
serve that what we really want is a (Q, T®) curve and an 
(S, T*) curve to which we may draw tangents at chosen values 
of T HuU* discusses this mode of attack in detail Assuming 
that the specimen obeys Curie’s law, we can calculate the 
values of S under known fields and temperatures, we can 
measure the values of T* which result from adiabatic de- 
magnetisations from these initial conditions, and so build up 
an (S, T*) curve 

The (Q, T*) curve is obtained by supplying y-ray heat to 
the specimen, which is almost the only method of generating 
heat uniformly throughout the specimen This rate of supply 
must be calibrated by making similar experiments at higher 
temperatures where the specific heat is established by other 
methods and absolute temperatures are likewise known In 
effect, the {Q, T*) curve is really a curve of U, internal 
energy, against T*, obtained by plotting time of y-ray 
heating against T*. A clever artifice, which amounts to 
removing adsorbed helium, or baking it out at 1 5° K , is 
employed to reduce temperature drift, and enables accurate 
specific heat measurements to be made at temperatures up 
to 0 8° K 

These measurements fix the temperature scale and heat 
capacity for any chosen paramagnetic substance, so that the 
examination of the physical properties of this and other sub- 
stances IS rendered possible The great difficulty is to maintain 
temperature equilibrium between such other substances and 
the poorly conducting paramagnetic salt To overcome it, the 
capsule techmque mentioned on p 290 is used The specially 
designed capsule consists of a hollow metal cylinder containing 
the powdered salt and enough hehum to cover the salt as 
hquid helium, the good conducting properties of helium II 
being utihsed For example, by joining two such capsules at 
different temperatures by a wire of any metal, the thermal 
conductivity of the latter can be studied, much more is likely 
to be heard of this techmque 

* R A Hull, Phys Soc Pros , m press (Mj thanks axe due to Dr Hull for 
much helpful luforiDAtion ) 
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The Lowest attainable Temperature The lowest temperature 
likely to be reached depends very much on the actual condi- 
tions, such as the interval of time for which it is to be main- 
tained and on the degree of thermal insulation, etc There 
IS no reason why nuclear spins should not be used in extending 
the regions already reached by adiabatic demagnetisation, 
provided that it can be proved that equilibrium between the 
nuclear spins and the lattice is set up quickly enough and that 
the relevant 6^ is sufficiently low The transition between 
the method based on electron spins and that on nuclear spins 
should occur about 10“*° K We must remember, however, 
that the study of the specific heats of substances at very low 
temperatures has revealed the existence of energy levels 
unknown in spectroscopy and which have not yet been ex- 
plained, e g there is a marked anomaly* in the specific heat 
of CUSO 4 5HjO in the region of 0-5° K 

■ Cf G Duyekoertfl, TAAse, 1942 
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CHAPTER XVI 


PARAMAGNETIC ABSORPTION 
AND DISPERSION 


Themy of the Phenomena If the high frequency auacepti- 
bility of a paramagnetic aubatance may be treated aa made 
up of two terma, according to the relation x = X 
followa that paramagnetic dispersion may be obaerved when 
X' 18 not identical with the static susceptibility x'o m constant 
magnetic fields It also follows that paramagnetic absorption 
must arise from the presence of x” when alternating fields 
are employed, and many woikera have studied the con- 
sequent dissipation of heat in paramagnetic specimens 
exposed simultaneously to a constant steady field and 
an alternating field of amplitude ^ and pulsatance m 
(frequency r) 

The theory of the phenomena has been discussed by Debye* 
and by Starrf and others mentioned below If it is assumed 
that electron spins are responsible for paramagnetism, it may 
be postulated that there exists at any instant a temperature 
difference 0 between the temperature T of the crystal lattice 
and that of the spins, an idea first advanced by Casimir and 
du Pr6 J Hence, in an interval of time dt, the heat imparted 
to the lattice will he dQ = a, 0 dt, where a is a constant 
Let tr be the specific magnetisation and U the total energy of 
the system, then, 

dQ = dU-jed(T . (209) 


When a small alternating field h is superimposed upon 
a steady field so that = J^^ + h, we may obtain 6 as 
a function of t by writing, from (209), 

[dUldT-srdaldT]d + ad = 

(210) 

• P Debye, Phys Ztil 39, 616. 1939 
t C Starr, Phys Rev 60, 241, 1941 

j H B O Caaimir and F K du Pr4, Physica, 5, 607, 193B 
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THBOKY OF F ARAMAOVBTIC DISPERSION 
whence, replacing h by we have 

d = -jQ)[dUldJ(^-Jtdajdjr]hl(a+joj[BUjdT-JtdcrldT]) 

( 211 ) 

Since, for very small values of h and ff we may write 
<r = (T„ + fe0<r/3,?f’+d3cr/3r, 

(a-(T^)lh = [daldJ^+jb)la{(dUldT-JtBrTldT) dajdJ^ 
-{dVldJt~jed(TldJfr) dcrIdT}] 
~[l+jo>la{dUldT-JedfflBT}] 

(212) 

The coefficient oi jiuja in the denominator of (212) is C^, 
the specific heat of the material m a constant field, vide p 273 
The coefficient of j(oja. in the numerator is, somewhat less 
obviously, G„, the specific heat of the material at constant 
magnetisation 

We may now replace dfrjd^hy Xq, the mass susceptibility 
in a steady field, and {<r — (T^)lh by y, the incremental suscepti- 
bUity in a high frequency held of small amplitude, so that 

XlXo = (1 +J<oCJct)l{l +jw6V/a) 

= (l+^V;C'^-^«(0^-(7jj^(l + w^C'5,/a) (213) 

When Curie’s law is obeyed, i e y^CjT (or is a function 
of CjT alone), = 0, the real part of (213) becomes 

x'/Xo= i/(i+«^c5^/a“) 

= 1/(H-fV), (214) 

where p = 27rCj(./a Equation (214), which shows the presence 
of paramagnetic dispersion, was obtained by Casiimr and 
du Pr4 The constant p is termed the relaxation constant, 
and its value determines the possibility of paramagnetic 
dispersion at the radio-frequencies available 

Measurements of paramagnetic dispersion have so far been 
made on powders, where Xo must be isotropic, and confined 
almost entirely to the case of longitudmal steady fields y' may 


BMU 


417 


37 
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readily be found by noting the frequency change of an 
oscillatory circuit when the powdered material is placed 
within a coil of suitable self-mductance, due allowance being 
made for any changes of capacity caused thereby Details 
are given by Gorter and Kronig * Results are termed positive 
when x' ** equal to Xo, nnd such results are found with salts 
containing the hydrated ions Cr’*"'"'', Fe’*"'"*' and Mn"'"*’ The 
other common ions of the iron group and non-hydrated ions, 
e g Fe"'”'"*' m FeNH 4 (S 04 )„ give negative results The ions 
which give positive results are known to occupy ground states 
in the crystalline field which are separated from higher energy 
states by considerable mtervals, and to obey Curie’s law 
excellently The fact that non-hydrated ions of the same kind 
do not show paramagnetic dispersion may be due to the 
smaller distances between the neighbouring ions, wheieby p 
may be much diminished Few results have yet been obtained 
for ions of the rare earths Gorterf found positive results with 
the hydrated sulphate, oxalate and acetate of gadolinium 
at low temperatures, but negative results with gadolinium 
oxide and hydrated dysprosium sulphate (and with hydrated 
gadolinium oxalate at room temperature) 

It IS important to know how the dispersion depends on the 
values of and ei Measurements are most fruitful when 
3^^ and ai are high and the temperature is low Iron ammonium 
alum, FeNH 4 (S 04)2 12HjO has been most thoroughly investi- 
gated , a typical set of results is shown in Fig 115, Xo being the 
constant value of y' obtained in small alternating fields of low 
frequency at high temperatures They satisfy the relation 

X' = +/>**'”) + 

where F and p are constants which depend on the temperature 
and on Both increase with decrease m temperature and 
with mcrease in The values of F are practically inde- 
pendent of T at very low temperatures, where p appears to 
vary as * In the region 04 to 90° K , p appears to vary as 
and roughly as T~^ in the mtervemng temperature range. 

* C J Gorter and K Kronig, 1* Mogjiditsme, m, 66, Strasbourg, 1940 
C J Gorter, Phyaica, 10 , 621, 1942 
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Returning to equation (213), we may now express the 
specific magnetisation of a matenal in a field 3^^ + cos ut 
by the relation 

(7 = yj J^^+y'J^co8(ij( + x'J^ainiiJt, (215) 

whence it follows that the energy dissipated per gm of matenal 
per cycle is given by 

r2ft 

TT, =J^ (Tdjir = 

or, the energy dissipated per gm per sec is 

W = +pV]/(C^-(7,)/(7^ 

(216) 

since x’ = ^^Xo<^iCje - C^)la.{l +oj^Cjf.la^) 

X'lx', 



Fig 115 Paramagnetic dispersion of FbNH, (SO,), 12H,0 at 77° tt. 

The absorption or dissipation of energy m this manner is 
termed paramagnetic absorption Since it depends on the 
squares of the amplitude and frequency of the alternating 
field, a high power oscillator and sensitive thermal measuring 
instruments have to be used to record it In spite of the 
practical difficulties thereby introduced, experiments have 
shown conclusively that x" is independent of and is usually 
proportional to p and mversely proportional to T, whence we 
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FABAMAGNETIC ABSORPTION AND DISPERSION 

deduce that p is independent of p and T when p 1 
The vanation of x“ with frequency is shown in Fig 116, it 
satisfies the equation 

X’ = x'Fpvl\+p^v^ 

It follows from Fig 116 that p can be deduced from the 
frequency at which the absorption is a maximum, where 
pv^ = 1 and x" — I" more recent work* the variation 

of x" 18 given by 

X" = XaFpivl(\+p\}^) + Xa('^- 
where F = G^Hb + Pi and pj are the relaxation con- 

stants of the lattice and spins, respectively, and 6 and C are 
constants 



0 25 0 5 1 0 2 0 4 DXl0‘ V 

Fig 116 Paramagnekic absorption of FeNH 4 (S 04 ), 12IIjO 
as a function of frequency at 77° K 


In effect, it is postulated that direct interaction may take 
place between the magnetic field and the spin system and 
that this IS independent of the crystal lattice , we have already 
discussed the interaction between the spin system and the 
lattice It is considered that the two absorption processes 
can usually be separated readily. Thus, the absorption per 

• Cf L J Dijkatra, C J Gorter and J Volger, Phyaica, 10, 337, 1943, and 
r W. de Vnjer, J VoJger and C. J Gorter, Physica, 11, 412, 1940 
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cycle in the case of lattice relaxation is a maximum at fre- 
quencies of the order of 10* * * § per sec at liquid air temperatures, 
and at 10^ per sec at liquid hehum. Spin absorption, however, 
IB independent of temperature and is a maximum at frequencies 
of about 10“ per sec In the case of caesium titanium alum, 
there is very httle dispersion, and absorption caimot be 
measured over the above ranges of temperature, presumably 
because p < 6 x 10“* sec for this alum 

The absorption appears to be inhibited by the action of 
a strong transverse magnetic field Teumssen and Gorter* 
found that paramagnetic dispersion, which is pronounced in 
manganese ammonium sulphate at room temperatures, dis- 
appeared on the application of a strong transverse field 
De Vrijer, Volger and Gorterf showed that the small absorp- 
tion of Gd(S 04)3 8HjO at 77° K fell off rapidly in a transverse 
field 

The mechanism of the interaction responsible for these 
phenomena has been discussed by GorterJ and by Temperley § 
The latter shows that a new kind of mechanism of interaction 
between the spins and the lattice, requiring the simultaneous 
transition of two or more spins with the emission or absorption 
of one quantum of energy to or from the lattice vibrations, 
provides a time of relaxation of the correct order of magnitude 
and explains why caesium titanium alum gives such a small 
effect, for, on the supposition of single transitions, the time 
calculated for the latter substance is much too large However, 
Van Vleckt has shown that at hquid helium temperatures 
the lattice vibrations cannot possibly play the part of a 
thermostat thus assigned to them, and he has suggested 
a substitute conduction mechamsm^ which satisfies the 
thermodynamic formulae of Casimir and du Pre It is assumed 
that when a paramagnetic ion reverses its spin it emits a 
“virtual” vibrational quantum which is absorbed in the 

• P Teuniasen and C J Gorter, Physica, 7, 33, 1940 

■}■ Do Vnjer, Volger and Gorter, loc cU 

J C J Gorter, I/e MagnHisme^ loc c%i 

§ H V N Temperley, Caivh Ph\l 8oc Proc 35, 256, 1039 

II J H van Vleck, Phya Rev 69, 724, 1941 

ii J. H van Vleck, Phya. Rev. A, 59, 938, 1941. 
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Burrounding liquid helium This means that conductivity is 
pictured as taking place by virtual rather than by real lattice 
waves Starr finds that the relaxation time for iron ammomum 
alum fits the empirical formula derived from Van Vleck’s 
treatment, however, Gorter and his co-workers obtain values 
for this time which do not agree with those of Starr 

Hysteresis Phenomena At the very low temperatures pro- 
duced by adiabatic demagnetisation a different kind of 
absorption occurs with iron ammomum alum in alternating 
fields of frequencies of the order 60 to 75 cycles per sec. It 
appears to be unconnected with the relaxation phenomena 
described above and to be more akin to ferromagnetic 
hysteresis processes It has been investigated by Giauque 
and McDougaU,* Cooke and Hullf and Shire and Barkla J 
The latter showed that the absorption was proportional to 
the frequency of the alternating field They found no trace 
of remanent magnetisation The heat dissipated increased 
markedly on the application of a steady field perpendicular 
to the alternating field, and increased somewhat less markedly 
when the steady field was apphed parallel For a specified 
field the heating was proportional to 3^\ /T®, and a maxi- 
mum value of the specific heat was found at T = 0 09° K , 
which IS rather higher than the temperature found by Kurti, 
Lam6 and Simon, the difference is perhaps due to differences 
in the chemical purity of the specimens of salt 

Temperley§ has shown that the classical theory of action 
between magnetic dipoles, i e the Ewing theory of hysteresis, 
appears to apply to these phenomena It is only necessary 
to assume that a definite fraction of the spins are locked, and, 
consequently, are unable to follow small changes m the 
alternating field 

Nuclear Absorption Phenomena Rolhn|| carried out nuclear 
absorption measurements by a method similar to that of 

* W F Giauque and D P McDougaU Joum Amer Uhem Soc 58, 1032, 
1836 

t A H Cooke and R A HuU, Roy Soc Froc A, 162 , 404, 1937 
j E S Skire and H M Barkla, Camb Phil Soc Proc 35, 327, 1939 
^ H N V Temperlej, Camb Phtl Soc Proc 38, 79, 1640 
II B V Bollin, Nature, 158 , 670, 1946 
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Purcell, Toixey and Pound, described m Chapter iiv. The 
material was placed inside the coil of a tuned circuit within 
a transverse magnetic field which was modulated at 7 50 cycles 
per sec Radiofrequenoy power from a crystal oscillator was 
fed through the tuned circuit to an amplifier followed by 
a detector and tuned audiofrequency amplifier When the 
mean value of the applied field is adjusted to a value near 
resonance, the radiofrequency power reachmg the detector 
may be modulated at 7 60 cycles per sec if there is any vanation 
in the loss in the tuned circuit due to nuclear absorption 

Measurable absorptions have so far been found in substances 
containing proton or fiuorme nuclei The resonance line 
appeared stronger and sharper for substances in the liquid 
than in the sohd state, although the relaxation time for the 
transfer of energy from the spin system to the lattice appeared 
shorter The relaxation time was about a second for most 
proton-oontammg liquids Measurable absorption was not 
found with ice or with heavy water There appeared to be no 
marked change in relaxation time with temperature, apart 
from the change noted on solidification 

Absorphon in Ferromagnetic Substances An anomaly in 
the high frequency resistance of ferromagnetic metals has 
been found by Gnffiths * At very high frequencies the product 
of the resistivity and the differential permeability rises to 
a well defined, broad maximum at a certain value of a strong 
steady field on which is superimposed the alternating held, 
the position of the maximum depends on the frequency 
The values of heing the effective field at which 

the maximum occurs for a wave-length A, suggest that the 
phenomenon is due to resonant absorption by magnetic 
particles with moments of the order of 2/t^ 

Absorphon of Microwaves by Oxygen Molecules See Note 10. 

* J. H. E Griffiths, Nature, 166, 670, 1946. 
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NOTES 


The following notes do not readily fit into the framework of Chapters xi 
to XVI, and are therefore given separately 

Note 1, p 39 Tht Quadratic Zeeman Effect 

Kapitza, Strelkov and Laurman {Roy Soc Proc A, 167, 1, 1938) 
studied the Paschen-Back effect for a Be doublet using a field of 
300,000 oersteds and found that the splitting followed the theoretical 
predictions accurately 

In discussing the Lorentz procession on p 11a second order term 
was neglected If we take account of this term m the quantum 
mechaiucB theory, we find that there results a frequency displacement 


•where is the radius of the first Bohr circular orbit, 

tij, IS the effective quantum number of the upper energy level and 
mi IS the change in the orbital magnetic quantum number, equal 
to + I for the <r components and to 0 for the 77 components Suice 
the displacement is proportional to it is known as tho Quadratic 
Zeeman Effect It becomes important when and n^g are large, 
e g when = 27,000 oersteds and n^g = 25, Avq is of the same order 
as the separation of the triplet It has been found by F A Jenkins 
and E Segre {Phys Rev 55, 62, 1939) with the absorption lines of 
sodium and potassium, which can be observed as far as n^g — 40 or 
60, 'using a cyclotron magnet Agreement with theory was excellent 
for = 27,000 oersteds and n^g = 21, but beyond the latter value 
the displacement mcreased more rapidly than n*g (Cf also H E 
White, "Some Recent Developments in the Zeeman Effect m Atomic 
Spectra", Rep on Progress in Physics, 6, 137, 1939 ) 


Note 2, p 47 The Jahn-Teller Rule 

In the case of polyatomic molecules, i e those which contain more 
than two atoms, no multiplet structure exists, because of the Jahn- 
Teller mZe(H A JahnandE Teller, J2oy Soc Proc A, 161,220, 1937 
and H A Jalin, Roy Soc Proc A, 164, 117, 1937) which states that 
a degenerate state in a polyatomic molecule is never stable smee the 
molecule is automatically deformed to give an asymmetry sufficient 
to remove the degeneration Hence the susceptibility should follow 

the Curie law with Xm — + ^)3' ^ spm only The only 

3R'l 

gas on which tests can be made is nitrous oxide, NOg, for which 
S = and the measurements made by G C Havens (Phys Rev 41, 
337, 1932) are m good agreement with theory 
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NOTES 


Note 3, p 66 Unijofin Fields m Solenoids 

It la not generally realised that the held inside a short, thick, 
solenoid can be made much more nearly uniform over an axial 
region near its centre by supplymg a smgle small correcting coil, 
placed equatorially, with reversed current Thus, L W McKeehan 
(Rtv 3ci Insfr 10, 371, 1939) shows that a wmdmg of less than 
50 turns is sufficient to correct for a mam wmdmg of about BOOO turns 
S W HubenS (Pei* Sci Inatr 16, 243, 1945) has described a system 
of five equally spaced square coils, formmg a cubical coil system, 
containmg respectively 19, 4, 10, 4 and 10 turns, which provides 
a uniform magnetic field over a considerable portion of the cube 
volume, which is, moreover, accessible from outside 

Note 4, p 62 Demagneti^lion Factors 

J A Osborn {Phys Rev 67, 361, 1945) has prepared charts and 
tables which enable one to find the demagnetising factor for any 
principal axis of an ellipsoid of any shape He also gives formulae 
for the general ellipsoid and for a number of special cases , S C Stoner 
(Phil Mag 36, 816, 1946) has prepared tables of the deniagnetisation 
factors of ellipsoids of revolution, and R M Bozorth and D M 
Chapin (Jowm Appl Phya 13, 320, 1942) have dealt thoroughly with 
the demagnetisation factors of rods To the references on p 02 should 
be added the experimental study by E Dusaler {Ann der Phys B6, 
66, 1926) 

Note 5, p 67 Very Pure Iron 

Very pure iron hoe been mode by J G Thompson and H E Cleener 
{Bur of Stds Joum of Res 23, 163, 1939) by reduemg purified iron 
oxide to sponge iron m hydrogen, later melting the sponge m hydrogen 
and remelting it in vacuo 

Note 6, p 86 The Fluxmetcr as a Null Instrument 

The fiuxmeter may be used os a null instrument H B Nettleton 
and S Sugden [Roy Soc Proc A, 173, 314, 1939) arrange that the 
removal of the search coil from the field gap breaks the primary 
current in a mutual inductance whose secondary is m aeries with the 
fiuxmeter and search coil The flux m the secondary opposes that 
in the search coil and, by adjustment of the primary current, the two 
can be made to annul each other The primary current, which can 
be measured accurately by a potentiometer method, is then a direct 
measure of the field strength A fiuxmeter may also be combined 
with a thermocouple and used to measure the average power of 
irregular a c waves, or currents arising from speech, music, etc 
(vide H K Dunn, Rcu Sc-h Inatr 10,362, 1630) Special care should 
always be exercised in levelling a fiuxmeter, as, by proper adjustment 
of levelhng screws, much troublesome zero drift can be avoided 

When a condenser of capacity K whose plates are charged to- 
a potential difference of E is suddenly discharged through a fiuxmeter 
whose terminals are joined by a resistance r, the defiection which 
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results is given by NAH<ti = rKE^ provided that r is not so large that 
the instrument is insufficiently damped * For, if the potential difference 
between the ends of r corresponding to the passage of a current % is 
Vf at any instant, the latter must be balanced by the e.m f generated 
by the moving fluxmeter coil, so that 

j NAH d^/dt dt = ^Vrdt = j ndt = r j dq 

or NAH(I> is equal to t KE c g s units when r, K and E are expressed 
mega units, and to lOOr KE when they are expressed ui ohms, 
microfarads and volts respectively This provides an easy and accurate 
method of finding NAH, using a 120 volt H T battery, a 10 ohm 
resistance and a capacity of 6 microfarads. 

Note 7, p 118 Furnace. Matenala 

A valuable analysis of the properties and sources of supply of 
heating elements, refractories, cements and thermal insulating 
materials for use in the construction of furnaces, is given by L Walden, 
Joum Sc\ Inatr 16, 1, 1039 

Note 8, p 221 Oyromagnetic Data for Alloya 
F. Galavica {Helv Phya. Acta, 12. 681, 1939) measured y for 
a number of alloys of manganese and antimony and of iron and 
selenium, m the latter the sulphur atom of pyrrhotite is replaced by 
selenium The method used was that of Coetener and Scherrer, 
considerable attention being paid to the elimination of disturbances 
along the lines described on pp 223 et aeq The g values for the 
Mn Sb alloys lay between 1 9 and 2 0, while those for Fe-Se alloys 
lay between 0 35 and 0 88 While the values are regarded as pro 
visional only, they do in a way provide support for the unusual value 
of g for pyrrhotite The wide spread of the experimental values 
was caused by the strong permanent magnetisation of the specimens 
It IS to be hoped that these results will be checked by an independent 
method, e g magnetisation by rotation 

Note 0, p 229 g-Values for Paramagnetic Salta 

Presumably, a result similar to that for Eu'’"^'*’ would be found 
with TiClj and Ce(S 04 ),, as the Xi'*”*"*"*' and Ce’*'’*"*"'' ions have a rare 
gas configuration and yet possess a paramagnetism independent of 
temperature 

Note 10, p 423 Absorphon of M.%crou.avea by Oxygen 

J, H Van Vleck (Phye Rev 71, 413, 1947) predicted that the 
paramagnetic molecule might absorb microwaves by means of 
transitions for magnetic dipole radiation between closely-spaced 
components m the ground state, and marked absorption of wave- 
lengths about 0 5 cm has been found. 
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Absorption, nuclear lesonaaoe, 406, 
422 

of microwaveB, 426 
in ferromagnetioB, 423 
paramagnetio, 416 ei aeq. 

Aoid, meta-pboaphonc, 03 
Action, constant of, 17, 54 
Alcomax, 365, 360, 366 
Alkali metals, 61, 124, 164 al seq 
Alloying, effeot on crystal diamagnet 
IBID, 149 

AUoya, experimentg with ferromag- 
netic, 252, 371, 376, 379, 380 
Hcufiler, 240, 203, 364 
iron-alummium, 266 
iron cobalt, 160 
iron-nickel, 67, 300, 380, 384 
iron-nichel aluminium-oobalt, 79, 
365 el aeg 

iron-niokel-cobalt, 78, 162, 360 
iron selenium, 426 
iron-zmo, 374 
KS, 78 

lattice dimoneiona of, 80 
magnetic properties of, 252 et aeq , 
371 

nickel chromium, 253, 207 
mckel copper, 254 
niokel-molybdenum, 263 
nickel tungsten, 263 
platinum cobalt, 356 
preparation of, 260 
ulioon-irou, 25G 
single crystals of, 160 
Aim, 360 
Alnico, 356, 300 
Alum, aluminium, 202 

alum, caesium titanium, 413 
chrome, 114, 202 
iron, 114, 413, 416 et aeq 
Tanadium, 114 
Aluminium, 115, 265, 386 
Amalgams, 116, 117, 389, 302 
Ammonium ion, 303 
Anisotropy, diamagnetic, 134 
effect of impurities on, 307 
ferromagnetic, 160 
magnetic, 133, 146 et seq , 366 


Anisotropy, of metallic single crystals, 
135, 144 ei seq , 397 
paramagnetic, 136, 393 
Anisotropy, constants, 161, 397 
Annealing, magnetic effects of, 314 
Anomaly, Qlaser, 121 
Anthacene, 134, 144 
Antifeirumagnetism, 385, 387 
Antimony, single crystal, 140, 161, 
397 

Atom, Bohr theory of, 17 seg 
electron states of, 30, 31 
energy states of, 28 
magnetic data for, 171 
vector model of, 22 ei aeq 
Atomic constants, 54 
Atomic cores, correction for dia- 
magnetism of, 132, 393 
Atomic magnetic moment, saturation, 
236, 266 

Atomic number, 30, 3J, 124 

Atomic order, 135, 296 

Atomic susceptibility, definition of, 7 

Atomic volume, 124 

^vogadro’B number, 64 

Axis, pnnoipal magnetic, 134 et seq 

Balance, Briggs and Harper, 87 
Cotton, 86 

Cune Chdneveau, 108 
Pbex and Fornr 107 
Hutchinson and Beekie, 389 
Kapitza, 112 

Kapibza and Webster, 109 
Bucksmitb ring, 96, 105, 136, 203 
Barkhauaen discontinuities, 321 eiseq , 
336, 338 
duration of, 324 
nature of, 323 
size of, 323 

theories of propagation of, 329 
velocity of, 326 

Barkhausen effect, 232, 321 e( seq , 
335 

Barnett effeot, 205 ei seq , 420 
Beams, atomic ray, }6i ei aeq 
molecular ray, 177 el seq 
Benzene, 144 
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Bismuth, abonuo ray expenmenta 
with, 172 

magneboBtnction of, 303 
single crystals of, 146 ei seq , 397 
Bismuth spiral, 60, 121 
Bitter figures, ^20, 349 
Bitter magnets, 3S0 
Boundaries, domain, 331 ei aeq. 
Bnlloujn fimctioQ, 42, 237 
Bnllouiu zones, 150, 397 

Cadmium, single crystals of, 161 
Caesium, niiclBar spm of, 166, 199 
Caeiium bibanmm alum, 413, 421 
Carbonates, orysballme, 143 
Cassopium, trebly ionised, 3Q1 
Cenum, 391 

chloride, solutions of, 120 
oxide, 366 
Chromium, 265 387 
antimomde, 360 
doubly ionised, 20, 130 
ferromagnetic compounds of, 240 
m copper etc , 366 
oxide, 360, 386 

trebly ionised, 130, 228 ei aeq , 386 
Circuit, magnetic, (j 6 
Cobalt, alloys of, 79, 100, 162 
oryabala of, 166, 163 
directional properties of, 160 
doubly ionised, 49, 130, 142, 228 ft 
eeg 

hysteresis and thermal changes, 348 
magnetoresistanoe of, 362 
Cobalt ammonium sulphate, 142 
chloride, anhydrous, 387 
Cobalt steel 78 
Cobalt sulphate, 142 
Cobaltamines, yellow, 43 
Coeroive force, definition of, 58 
Coercivity, definition of, 58, 338 
materials of high, 78, 361 el aeq , 362 
Cold-workmg, effects of, 389 
Comparator, magnetic, 66 
Compounds, diamagnetic, 12, 144 
ferromagnetic, 240 
Conductance, magnetic, 69 
Constant, fine structure, 20 
Constant of action, 17, 64 
Goolmg, magnetic, 272 et aeq 
Copper, 02, 115, 380, 365, 389 
Copper ammonium sulphate, 142 
■ulphato, 394, 415 


Coupling, 172 

Russell Saunders, 25 ei aeq , 131, 172 
Critical pomt, ferromagnetic, 209 
Crystallisation, water of, 126 
Crystals, determination of face of, 148 
diamagnetio, 141 el aeq 
directional properties of, 133 ei aeq 
effect of impurities, 307 
ferromagnetic, 150 e^ aeq 
metallic smgle, 144 et aeq , 365 et aeq 
paramagnetic, 142 et seq 
prmcipal magnetic axis of, 134 
prmcipal auaceptibilities of, 134 el 
aeq , 151 
pyrrhotibe, 160 
veiy small, 141 
Curie constant, 16, 125, 234 
Gone law, 16, 41, 49, 91, 125, 142. 390, 
396, 406, 413 

Curie point, depression of, 374, 364 
determmation of, 256 
effect of pressure on, 309 
elastic changes at, 364 
ferromagnetic, 235, 25b 2b6, 37S 
paramagnetic, 234, 235, 375 
Cune Weiss law, 17, 60, 126, 142, 234, 
257, 385, ^90, 395 
Current, electromagnetic unit of, S 
Cyclotron, 76 

Data, useful magnetic, 130, 393 
X ray, 80 
MS effect, 361 

do Haas van Alphen effect, 146, 160 
Demagnetisation, adiabatic, 284 ei 
atq , 408 H aeq 

curves of permanent magnet mater 

lals, 356 

factor, 61, 155, 156, 264, 307, 410, 
425 

Deuteron, magnetic moment of, 193, 
197, 190, 403, 407 
quadnipole moment of, 403 
Dialogite, 303 

Diamagnetic compounds, 12, 144 
Diamagnetic salts, 46 
Diamagnetism, classical theory of, 9 
independent of temperature, 50 
of atomic cores, 132 
of closed electron shells, 50- 
of iree electrons, 61 
of ions, 132, 303 
quantum theory of, 51 
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Dieperaion, parama^etic, 416 et aeq 
DiBplaoement rule, KoBael’s, 391 
Domains, effects at boundaries of, 232, 
330, 334, 362, 364 
bmibations of concept, 349 
N^eJ’s theory of, 34Q 
size effects of, 249 et aeq , 279 
surface effepts of, 320 
theory, 160, 23B, 305, 330 ti aeq, 
threadlike, 63 
Weiss, definition of, 236 
Dysprosium oxide, gyromagnetic ratio 
of, 228 

Dysprosium sulphate, 418 

Earth’s magnetism, 384 
Eddy currenba, effects of, 113, 276 
Emstein de Haas effect 205 et aeq 
Electromagnet, condition lor maxi 
mum field of, 71 

condition for uniform field of, 72 
design of 70 
for special purposes, 74 
reluctance of, 60 
Electron, charge on, 54 

magnetic properties of free, 50, 392 
specific charge of, 54 
Electron energy bands, 160, 26b, 372, 
386 

Electron spm, 23 
Electron states of atom, 24 
Electron states of molecule 44 
Elements, diamagnetic, 124 
ferromagnetic, 266 
paramagnetic, 124 
eiuBoeptibilities of, 30, 31 
Energy, crystal, 332, 346 
stram, 332, 346 
Entropy, zero pomt, 284 
Erbium oxide, use of, 119 
Europeum, doubly loiuscd, 391 

trebly ionised, 41, 43, 128 e£atq , 228, 
229 

Exchange forces, 239, 386 
Exchange mtegral, 239 

Ferromagnetics, halbstic mvestigation 
of. 56 

for special purposes, 66 
high frequency absorption in, 423 
mtemal friction m, 383 
magnetometer mveBtigations of, 60 
propertiea of, 56 et aeq 


FcrromagnetioB, resiatande of, 292 tt 
aeq , 361 

saturation of, 57, 237 et aeq , 241, 
305 

specific heat of, 268 et aeq , 370 
surface fields on, 320 
thermoeleotnc properties of, 296 
Young’s modulus of, 381 
Ferromagnetism, coUectiYB electron 
treatment of, 257 
condition for existence of, 230 
correction for, 114 
definition of. 1, 235 
Heisenberg’s theory of, 239, 242 et 
aeq 

Weiss theory of, 231, 233 et aeq 
Ferrous ammonium sulphate, 132, 289 
Field, ciysballine, 49, 120, 135, 143, 394 
electrostatic, magnetic effects of, 49 
m antiforromagnetica, 387 
in crevasse, 6 
m solenoid, 6 

in spherical cavity, 233, 261, 410 
intense, BO, 113, 407 
leakage, 357 

measurement of, B1 el seq 
molecular, 233 tt aeq , 268 et seg,, 304 
self consistent, 52 
stabilisation of, 87 et aeq 
symmetry, 40 
uniform, definition of, 3 
WeisB internal, 233 ef seg , 268 el aeq , 
376 

Flux density, definition of, 7 
Pluxmeter, B2 et aeq , 425 
Force, line of, definition of, 2 
tube of, definition of, 2 
Furnaces, 117 
materials for, 426 

Gadolimum, ferromagnetic, 252, 370 
trebly ionised, 127, 284 
Qadolimum phosphomolybdate, 291 
Oadolimuin sulphate, IT, 42, 286, 289, 
418, 421 

specific heat of, 286 
y-rays, use of, 290, 414 
Gas, paramagnetic theory of, 14 et aeq 
Gases, diatomic, expenznenta with, 
177 et aeq 

auBCeptibilitiea of, 118 et aeq 
test bodies for, 122 
Gauss, 2 
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G&nnmeter) B7« 13B 
Gilbert, definibion of, 60 
GlABses, mAgnetio properties of, 92 
Graphite, large orbits in, 396 
GuiUemm effeot, 29B 
Gyromagnetic effects, 204 fl atq 
Gyromagnetic measurements, con- 
trolled resonance, 219 
direct, 210 
errors in, 213, 210 
modiAed resonance, 216 
simple resonance, 214 
with paramagnebica, 222, 426 
OyromagnetiQ ratio, oolleLted results 
for, 209, 221, 222, 426 
definition of, 206 
of nucleus, 397 ei aeq 
spin and orbital effects on, 206, 
221 

Gyroscope, properties of, 202 ti aaq 
Hafnium, 200 

Hardening, preoipitatiou, 79 
Hardness, magnetic, 242, 246 
Heualer alloy, 240 
resistance of, 293 
Hund rules, 66 ei atq 
Hydrogen, atomic mass of 54 
atomic susceptibility of, 52 
experiments with atomic, 177, 194 
experiments with molecular, 102 
solid, measurements with, 409 
susceptibility of, 190 
Hyperfine, separation, 190, 199, 30S 
■tnicture, 190, 195, 3BS et atq 
Hysteresis, magnetic, 67, energy losses 
due tc, 69, exammatian of, 336 el 
aeq 

rotational, 336 et aeq 
temperature, 279 

Images, magnetic, 248 
Indium, nuclear spin of, 400 
Induction, magnetic, definition of, 6 
hnes of, 7 

measurements with permanent mag- 
nets, 363 el aeq 
nuclear, 407 
residual, 6B 

Intensity, magnetic, definition of, 2 
of magnetisation, definition of, 3 
Interaction, of orbital and spm 
momenta, 26 


Ions, diamagnetio, 13, 30, 31, 132, 303 
large univalent, 48 
of iron group, 130, 302 
of platmum and palladium groups, 

302 

of rare earth group, 127 et aeq , 226, 
229 

paramagnetic, 30, 31, 12S, 228, 22B 
Iron, carbonyl, 03 
doubly lomsed, 130, 228 
ferromagnetic Cune pomt of, 235 el 
aeq 

hyateresiB and thermal changes, 347 
paramagnetic Cune pomt of, 266 
pure, 62. 67, 370, 425 
resistance of, 293 

saturation atomic moment of, 260, 
370 

specific heat of, 270, 379 
thermoelectric power of, 296 
Iron alloys, 66, 78, 265 et aeq , 372 
Iron amalgams, 116, 117 
Iron ammonium sulphate, 132 289, 
291, 418, 422 
Iron cyanide, 131 
Iron group, elements of, 29 

magnetic and spectrosoopio data 
for, 1 27 et aeq , 1 30 ef seg 
Iron perchlonde, 123 
Iron single crystals, 165 

magnetic properties of, 247, 305 
magnetocalonc effect of, 276 
magnetostriction of, 302. 310 
specific magnetisation of 245 ei 
atq 

Jahn Teller rule, 424 
Joule effect, dynamical, 315 
longitudinal, 296 
transyerse. 298 

with non ierromagnetics, 303, 304 
with single crystals 301 

Langevm function, 16, 233 
Lange vin theory, of diamagnetism, 9 
of paramagnetic gas, 13, 233 
Laplace expression, 5 
Law, Maxwell Boltzmann, 14 
of Corresponding States, 236, 278 
Warburg, 340, 347 
Lead, 160 
Leakage, factor, 70 
Length, magnetic, definition of, 4 
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Leveb, Atomic energyj et uq 
molecular energy, 44 
X-ray, 22 24, 26 
Levers, meohanical, 299 
optical, 29B, 300 

XJthium, nuclear spin of, 166, 109, 404 
Lorentz triplet, 35 el aeq 
LoBoimudt number, 64 

Magnetisation, adiabatic, 113 
apparent, 240 

at high temperatures, 233, 260 
at low temperatures, 241 ei seq 
by rotation, 206 6t eeq 
direction of easy, 167, 169, 162 
energy of, B, 161, 26fi 
of domains, 330 aeq, 
parasitic, 251, 370 

plane of difficult, 162 
plane of easy, 1 52 
specidc intrinsic, 236 
specffic saturation, 235 
spontaneous, 235, 236, 293 
temperature changes accompanying, 
273, 339 el atq 
testing apparatus, 361 
true, 272 

variation of Young's modulus with, 
3S1 

Magnetism, induced, 1 
permanent, 1 
Magnetite, 150 

Magnetocalonc effect, appbcationa of, 
287 et eeq 
definition of, 273 
with ferromagnetics, 276 et seq 
With paramagneticB, 113, 263 
Magnetometer, 00 
torque, 162, 366 
Magnetomotive force, 69 
Magneton, Bohr, 3, 18, 199, deter- 
mmation of, 172, numerical value 
of, 18, 64, 176 
nuclear, 181, 398 et aeq 
Weiss, 125 

Magneton number, definition of, 23 
MagnetoreAifitanoe, 203, 361 
Magnetostriction, 208 et aeq , 366 
and initial permeability, 313 
and the Weias constant, 309 
Becker's theory of, 306 et Mg. 
echo depth finder, 318 
effects of shape on, 3Q7 


magnetostnctlon, effects of tension 
on, 306 

longitudinal, 299 el aeq. 
transverse, 298 et aeq 
volume, 308 et aeq 

Magnetostriction oscillator, 3 14 ef seq , 
382 

Magnets, Bitter, 360, 410 
Magnets, permanent, 70 et seq 
dimension ratio of, 78 
economic utilisation of 356 
Evershed ontenon for, 77 
matenals for, 78 el seq , 351 et aeq , 
360 

recoil lines 359 
with large pole faces, 77 
Manganese, doubly ionised, 130, 136, 

141, 228, 388, 393, 409 
ferromagnetic compounds of, 240 
m copper etc , 385 

magnetic effects of, 68, 365 
seven-fold ionised, 392 
Manganese ammonium sulphate, 135, 

142, 28B 

Manganese arsenide, specific heat of, 
270 

tfaermoelectnc power of, 296 
Manganese chloride, eolution of, 140 
oxide, 3BB 
selenide, 380 

Manganese sulphate, 99, 132 
Manganous fluoride, 409 
Manometer, hot wire, 178 
membrane, 280 
Maxwell turn, definition of, 85 
Mercury, 8, 51, 132, 147, 151 
Mercury amalgams, 115, 117, 388 
Metals, in dilute solution, 392 
Metamagnetism, 386 
Molybdenum, magnetic effects of, 08 
Moment, magnetic, definition of, 3 
nuclear, see Nucleus 
Multiplets, magnetic Bignifioanoe of, 40 
narrow, 40 
overall width of, 20 
wide, 40, 138 
Multiplicity, 20 
Mu metal, 68, 347 

Naphthalene, 144 

Neodymium, trebly Ionised, 127 d aeq., 
391, 393 

Neodymium sulphate, 40, 3D4. 
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Neatron, maas of, 200 

magnetic moment of, 200, 404, 407 
Nickel, aUoys of, 67, 78, 79, 162, 253, 
297, 371 

doubly ionised, 49, 142 
ferromagnetio Giirie point of, 257, 
266 

gyromagnetio ratio of, 200, 214, 

222 

kyatereaifl and thermal changes of, 
346 

magnetostriction of, 302, 303 
paramagnetic Cune point of, 257, 

266 

resistance of, 292 et aeq 
single crystals of, 155, ISO, 162, 303, 
365 

speLifiu heat uf, 270 ei aeq , 379 
thermoelectric power of, 29b 
Nickel ammonium sulphate, 142 
chloride, anhydrous, 387 
BolutioQ of, 96 
Nickel sulphate, 142, 408 
Nitrates, orystalhne, 143 
Nibno oxide, 16, 44, 47, 110 
solid, 120 

Nitric oxide molecule, 44, 178 et seq , 
ISO 

Nucleus, oomponenbe of, 200 
magnetic moment of, 181 d aeq 
quadrupole moment of, 403 
spin of, 181, 398 d eeq 
Number, azimuthal quantum, 23 
effective magneton, 40, 124 
orbital magnetic quantum, 23 
orbital momentum quantum, 22 
rotational quantum, 46 
spin quantum, 23 
total quantum, 22 

Oersted, definition of, 2 
Ohgist, 87, 142 

Order, long distance, 265, 296, 379 
Orthohydrogen, 192 d seq 403 
Oscillators, magnetostncbign, 314 d 
aeq 

Oxygen, 16, 46, IIB, 177 

Palladium, 373 
group, 392 
Parahydrogen, 192 

ParamagnetioB, gyromagnetio ratio 
for, 222 d aaq 


Paramagnetism, classical theory of, 13 
feeble, 385 
of free electrons, 50 
quantum theory of, 39 
saturation, 42 

temperature independent of, 42 d 
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